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SUMMARY 

This report documents the geochemical database which was used for the safety 
assessment of two sedimentary formations: the Lower Freshwater Molasse 
(Untere Suesswasser Molasse, USM) and the Opalinus-Clay (Opalinus-Ton, OPA). 
The database was u sed for the II Sed iment Zwi schenber i cht II study of HLW 
disposal in Swiss sediments (NAGRA, 1989). The in-situ geochemistry of the 
groundwaters has been derived from available water sample analyses, 
assumptions based on mineralogical and literature data, as well as on 
computer calculations. 

The available data (geology, geochemistry/petrography, organics, gas, 
hydrochemistry) allow the definition of geochemical Reference Conditions 
(RC) for the potent i a 1 repos i tory site. Th i s i nformat i on is then used to 
calculate the associated Reference Waters (RW). 

A sorption database for modelling radionuclide transport in these formations 
is presented. I n add it i on, poss i b 1 e geochemi ca 1 perturbat ion s due to the 
presence of colloids, microorganisms or organic carbon are discussed. 
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ZUSAMMENFASSUNG 

In diesem Bericht wird die geochemische Datenbasis dokumentiert, die zur 
Sicherheitsanalyse zweier Sedimentgesteine (Untere Süsswassermolasse USM und 
Opal inus-Ton OPA) benutzt wurde. Diese Datenbasis wurde für die JlSediment
Zwi schenber i cht "-Stud i e zur End 1 agerung hochakt i ver Abfä 11 ein Sed imenten 
der Schweiz (NAGRA, 1989) angewendet. Die In-situ-Geochemie der Grundwässer 
wurde von den vor 1 i egenden Wasserproben-Ana lysen abge 1 e i tet, sowi e von 
Annahmen, die sich einerseits auf Mineralogie- und Literaturdaten und 
andererseits auf Computerberechnungen stützen. 

Die verfügbaren Daten (Geologie, Geochemie/Petrographie, organische 
Substanzen, Gas, Hydrochemie) erlauben die Festlegung geochemischer 
Referenzbedingungen (Reference Conditions RC) für die modellhaften 
Endlagerstandorte. Mit dieser Information werden dann die relevanten 
Referenzwässer Reference Waters RW) berechnet. 

Eine Sorptions-Datenbasis für die Modellierung des Radionuklidtransports in 
diesen Formationen wird auch präsentiert. Zusätzliche werden die 
potentiellen Auswirkungen von Kolloiden, Mikroorganismen und organischem 
Kohlenstoff auf die Geochemie diskutiert. 
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RESUME 

Ce rapport présente l es données géoch imi ques de base qu i ont été ut il i sées 
pour l'évaluation de sûreté de deux formations sédimentaires: la molasse 
d'eau douce inférieure (Untere Suesswasser Molasse, USM) et l'argile à 
opalinus (Opalinus-Ton, OPA). Cette base de données a été utilisée pour le 
rapport de sécurité intérimaire ("Sediment Zwischenbericht") relatif à un 
dépôt final dans les sédiments suisses (NAGRA, 1989) pour les déchets de 
haute activité. La géochimie in-situ des eaux souterraines a été élaborée à 
partir d'analyses d'échantillons d'eau, d'hypothèses fondées sur des données 
minéralogiques et d'autres trouvées dans la littérature ainsi que de calculs 
sur ordinateur. 

Les données disponibles (géologie, géochimie/pétrographie, substances 
organiques, gaz, hydrochimie) permettent de définir des conditions 
géochimiques de référence (RC) pour le site de dépôt potentiel. Ces 
informations ont été exploitées pour calculer les eaux de référence 
associées (RW). 

Les données de base de sorpt i on permettant de modé 1 i ser 1 e transport des 
radionucléides dans ces formations sont en outre présentées. On discute 
également les effets géochimiques dûs à la présence éventuelle de colloïdes, 
de microorganismes ou de carbone organique. 
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1. INTRODUCTION: C. WITTWER, I.G. McKINLEY 

This report presents the geochemical database, which has been used 
in the "sediment study"; an appraisal of the feasibility of 
disposal of high-level waste (HLW) in deep-lying sedimentary for
mations of North Switzerland (NAGRA, 1989). This database is 
specified for the two sedimentary formations of top priority: the 
Lower Freshwater Molasse (Untere Silsswassermolasse, USM) and 
Opalinus-Clay (Opalinus-Ton, OPA). The database includes 
specifications of mineralogy, hydrochemistry, elemental solubility 
limits, elemental sorption coefficients and a discussion of 
potential problem areas (organics, colloids and microorganisms). 

The current repos i tory concept (NAGRA, 1989) i nvo 1 ves d i sposa 1 in 
tunnels filled with bentonite, 500 to 850 m below surface (850 m 
taken as reference). The waste, which comprises about 6000 HLW 
packages for a 240 GWa nuclear power scenario, will be immobilised 
in a glass matrix encapsulated in a thick steel canister. The 
repos i tory may a 1 so conta i n certa in 1 ong- 1 i ved i ntermed i ate 1 eve 1 
waste which has varying characteristics but will be predominantly 
immobilised in cement. 

The geochemistry of a potential repository site can be specified in 
terms of a comprehensive description of in-situ conditions. These 
in-situ conditions are termed "Reference Conditions" (RC) and are 
described as lithe best estimate of the conditions in the in-situ 
environment in specific areas of the near-field or in the geosphere 
surrounding the repository". The Reference Conditions include: 

- the physical in-situ conditions (temperature, pressure) 

- the geometry of the flow path (high/low permeable flowing zones) 

- the petrography of the zones in which flow occurs (minerals in 
contact with the groundwater, porosity) 

- the hydrochemistry (water-type present in different areas around 
the potential repository). 

Following the definition of Reference Conditions (RC), a Reference 
Water (RW) chemistry within the two formations is calculated. The 
solubility and speciation of a number of key safety relevant 
elements are calculated for the RC using two different chemical 
thermodynami c codes/ databases. Such spec i at i on, together wi th the 
RW chemistry and mineralogy, allows definition of a sorption (Kd) 
database based on a review of the literature. 

Finally, the possible geochemical perturbations arlslng from the 
presence of organ i c carbon, i norgan i c co 11 0; ds and m; croorgan; sms 
are discussed. 
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2. REFERENCE CONDITIONS AND REFERENCE WATERS FOR LOWER FRESHWATER 
MOLASSE (USM) AND OPALINUS-CLAY (OPA): C. WITTWER, B. BAEYENS, 
U. BERNER 

2.1 Aims 

The procedure for defining Reference Conditions (RC) first involves 
compilation and collection of all relevant available data on USM 
and OPA. Most of the data have already been reviewed within Nagra 
reports and, indeed, much is derived from the deep boreholes of the 
Nagra North Switzerland drilling programme. 

A general problem is the definition of Reference Water (RW) 
chemistry. Sampling groundwaters by boreholes inevitably gives rise 
to problems associated with contamination. Furthermore, the 
potential host rocks are chosen for their low hydraulic 
conductivities and hence sampling is particularly difficult. The 
procedure adopted has been to expand on the limited chemical data 
by assuming equilibrium with particular key minerals in the system. 
The reference water, calculated by standard chemical thermodynamic 
codes, should thus be consistent with the reference mineralogy. 

2.2 Presentation of the available data for the definition of Reference 
Conditions 

2.2.1 

A deta i 1 ed geo 1 og i ca 1 and hydrogeo 1 og i ca 1 descr i pt i on of the two 
formations involved in the sediment study is given in the main 
report IISedimentstudie - Zwischenbericht 1988 11 (NAGRA, 1989). 

Presentation of the available data for the USM 

I n add it i on to the sed iment study report (NAGRA, 1989), the data 
presented below have been published in various Nagra technical 
reports: WITTWER, 1986, NAGRA, 1988b and PEARSON, 1989. 

2.2.1.1 Geology, flow system 

The USM cons i sts of Tert i ary freshwater sed iments depos ited by 
rivers north of the mountain chain forming during the alpine 
orogeny. As a river depos it, the rock is rather heterogeneous 
containing sandstones, silts and marls. The percentage of silty and 
sandy layers has been evaluated at about 80 and 20 %, respectively, 
from geophysical logs in various deep boreholes drilled in the 
Molasse basin. 

The flow systems have been tentatively deduced from the available 
geological data. The sedimentological study shows the occurrence of 
meandering channels within a silty and marly environment. Any 
groundwater flow is therefore assumed to take place mainly in the 
sandy hor i zons, such as sand bod i es (channe 1 s) or 1 ayers formed 
during inundation events. Any flow in the surrounding silts and 
marls is thought to take place in fractures. The extent of 
individual flow channels is generally restricted by the 
depositional environment, but pumping tests conducted in the 
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Eg 1 i sau boreho 1 es show no hydrau 1 i c or chemi ca 1 changes over many 
years, proving that the size of permeable features can also be 
locally large (NAGRA, 1989). 

2.2.1.2 Geochemistry/petrography 

Geochemical data are available from the Nagra boreholes Weiach and 
Schafisheim. Since the available literature data agree with these 
borehole data, they are assumed to be representative of the overall 
conditions in the region considered and are presented in Table 1. 

The sediments were deposited in an oxidising environment and later 
partially reduced. The water flow therefore occurs partly through 
regionally oxidised and reduced environments, which are 
characterised by the oxidation state of iron. The pyrite content 
ranges from 0 to 1 % (average 0.5 %) in the more reduced green 
zones. On the other hand, the iron oxyhydroxide content varies 
between 0 and 5 % (average 2 %) in the more oxidised parts. 

Gypsum, anhydrite (locally present in nodules), and heavy minerals 
are, on average, below 1 %. 

2.2.1.3 Geochemistry/organics, gas 

The data available do not give any detailed information on the type 
of organ i cs present in the sed iments. The organ i c carbon content 
ranges from 0 to 1.2 % (average 0.1 %). 

T race s 0 f 0 i 1 and gas ( mo s t 1 y me t han e ) are pre sen t 1 0 cally. 0 i 1 
impregnations have been detected, especially in the lower part of 
the USM, whereas gas has been noticed in the whole series. The 
geological formations underlying the Molasse are presently assumed 
to be the source of the hydrocarbons (NAGRA, 1989). 

2.2.1.4 Hydrochemistry 

Groundwater sampling in the Tertiary sediments and the underlying 
Malm calcareous rocks of the Molasse basin show the occurrence of 
various groundwater types at depth: 

- Ca-HC03 groundwater of Holocene origin at shallow depth (up to 
100 m) 

- Na-HC0 3 groundwater at moderate depth (between about 25 and 625 
m), probably infiltrated during the Pleistocene cold period with 
evolution by cation exchange on the clays 

- Na-Cl groundwater at greater depth below the Na-HC0 3 or directly 
below the Ca-HC03 waters (where the former are missing at the 
north ridge of the Molasse basin). These were formed by a 
mixture of marine and/or brackish formation water with 
infiltration water (rain, lake or river water). 
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TABLE 1: USM: Geochemical data from Weiach and Schafisheim borehole 
cores (based on NAGRA, 1987; NAGRA, 1988b) 

Mineralogy (% weight) 

Main com~onents 

Sandstone 

mineral range 

calcite 0-50 
dolomite 0-11 
quartz 15-35 
feldspar 5-40 

clay minerals 
+ accessories 5-30 
cla~ mlneral 
distribution 
- ill i te 45-70 ~ 0 

- kaolinite 0-15 ~ 0 

- smectite 0-30 ~ 0 

- chlorite 5-45 ~ 0 

average 

20 
2 

28 
30 

15 --

60 ~ 0 

0/10 ~* 0 

5/20 ~* 0 

30/15 ~* 0 

Clay and Marl 

range 

0-50 
0-11 
5-30 

5-20 

20-90 

average 

20 
2 

10 

5 

50 

* Values given for regions west and east of a line between lake Zurich and 
Koblenz, respectively. 

Accessory com~onents 

pyrite 

iron oxide/ 
hydroxide 

others 

heavy minerals 

organic carbon 

present in grey, green and dark clays and sandstones, 
mostly associated with organics (0-1 %); not present in 
red or yellow sediments 

present in the red clay and sandstone 

gypsum and anhydrite locally present in small lenses, 
sometimes frequent east of Bern « 1 % ) 

garnet, apatite, epidote, clinozoisite, piemontite, 
zircon, tourmaline, rutile, staurolite, kyanite, 
andalusite, chloritoid hornblende, clinopyroxene, 
picotite, brookite, anatase 

0-1.2 %, average 0.1 %; coal locally present, oil 
impregnation locally present but very rare 

Porosity of sandstone: range (%) 

3.3-30.2 
0.1-3.5 
3.2-20.9 

average (%) 

total porosity 
open macroporosity * 
open microporosity * 

* mercury injection porosimetry 

16 
1.5 
8 
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Fig. 1: 

!Ii Filterstrecke 

Distribution of the main groundwater-types ;n the Molasse 
basin of North Switzerland (NAGRA, 1989) 

Definition of Reference Conditions for the USM 

Within the available groundwater analyses, the data from the water 
sampling conducted in the Nagra Schafisheim borehole have been 
chosen as the basis for the definition of Reference Conditions (RC) 
and a Reference Water (RW). 

The samples were collected in the USM at 553-563 m below the 
surface (about 130 m below sea level and 300 m below the Quaternary 
gravels) near the bottom of the Tertiary series. This groundwater 
;s a Na-Cl-type and ;s the most concentrated sample (from the 
Tert; ary) ana 1 ysed w; th i n the Nagra research programme (tota 1 
dissolved solids content of 8.8 gil, ionic strength 0.2 M). The two 
analyses, which have been presented in the raw data report 
(WITTWER, 1986), come from samples taken using two different 
sampling procedures: at the surface during a pumping test and down 
borehole with a pressure sampler after the pumping test. Some of 
these raw data, especially the carbonate system, the pH and the 
minor elements, are probably influenced by the drilling and 
sampling activities. A hydrochemically consistent in-situ com
position of the Schafisheim Molasse water is presented in PEARSON 
et al., 1989 which is based on the average of two samples, 
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in conjunction with the results of different laboratory and 
chemical thermodynamic calculations. This data set, for which the 
pH has been corrected for C02 outgass i ng duri ng the samp 1 ing 
activities by using the measured alkalinity and assuming calcite 
saturation, is given in Table 2 and is used to provide base values 
for Reference Conditions (RC). The RC are influenced not only by 
the hydrochemistry but also by the petrography of the host rock. In 
order to take into account these various constraints, the following 
procedure has been used for defining the RC: 

- the temper.ature has been calculated for the repository depth 
from the temperature measured by geophys i ca 1 1 ogg i ng in the 
borehole 

- the chemical thermodynamic calculations, which have been 
performed with the raw data from the Schafisheim sample in order 
to reconcile it with the in-situ conditions, have shown that the 
measured pH of 8.4 at the surface during the pumping test must 
be corrected to take into account the CO2 gas loss. For this 
reason a corrected pH of 7.5 is selected as the reference value 

- the redox conditions are assumed to be determined by the common 
presence of sulphate and pyrite. The redox conditions have been 
assumed near the lower limit of the stability field of S042 -

(STUMM and MORGAN, 1981) but the redox reaction S042 --S O_S2 - has 
not been modelled. The pe chosen as -4 allows equilibrium with 
pyrite (NORDSTROM and MUNOZ, 1986), which is present in a part 
of the zones where water flow is assumed to occur 

- by analogy with the Schafisheim sample, Na and C1 are considered 
to be the major components of the reference groundwater. A total 
dissolved solids content of about 10 gil has been assumed to be 
representative of the average mineralisation at the depth of the 
repository. The ionic strength (I) has been arbitrarily set at 
around 0.2 M. I n order to keep th i s va 1 ue, the Na-content has 
been fixed at 185 mM. The Cl-content has been varied around a 
value of 200 mM to obtain ion charge balance 

- the concentrations of the ions K+, NH4+, 5r2 +, 5042 - have been 
taken from the Schafisheim samples 

- the solution has been assumed to be in equilibrium with the 
following minerals: calcite, dolomite, chalcedony 

the logarithm of the partial pressure of CO 2 in bars (log 
(PC02») has been assumed to be between -3.5 (atmosphere) and 
-1.5 (high value for groundwaters). The value of -2.5 which has 
been chosen as reference value is consistent with the 
Schafisheim sample 

- the alkalinity has been determined by calculation based on 
calcite and dolomite saturation and the fixed pH and PC02. 

The basic values, assumptions and constraints defining Reference 
Conditions for the USM are summarised in Table 3. 
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TABLE 2: 

Dissolved Solids: 

Sum 
Residue (nOC) 
Residue (180C) 

Charge Balance: 

Total Dissolved CO2 
Analysed 

Fresenius 
Calculated 

With Meas. pH 
At Calcite Satn 

MOOELLED VALUES 

carbonate System 
pH 
Carbon Dioxide (C02) 
Bicarbonate (HC03-) 
Carbonate (C03-2) 
Hydroxide (OH-) 
Total Dissolved C02 
log P (C02) 

Saturation Indices: 
Calcite 
Dolomite 
Gypsum 
Anhydrite 
Celestite 
Barite 
Fluorite 
Chalcedony 
Quartz 

Redox conditions at 
Formation Temp. 
Pt Electrode 

Calculated from: 
U02 Satn. 
N2(AQ)/NH4+ 
C02/CH4 
H+/H2(AQ) 

- 7 -

USM: Cons i stent hydrochemi ca 1 data for the water samp 1 es 
Schafisheim 558 m (analysis 304/1.2 from 20-12-1983)- see 
Pearson et ale (1989) for details 

av/kg 

8689 
8985 
8920 

av/1 

7.34 
6.2 

130.9 
1.1 
0.4 

-2.31 

0.00 
-0.13 
-3.12 
-3.40 
-2.46 
-1.02 
-0.95 
-0.39 
0.03 

pe 
-2.61 

-1.25 
-3.94 
-5.03 

>-6.40 

difference 

3.4 % 
2.7 % 

-0.14 % 

1IIJ1al1ty 

2.30E-03 

2.17E-03 
2.31E-03 

1.42E-04 
2.15E-03 
1.81E-05 
2.61E-05 
2.31E-03 

Eh(vo lts) 
-0.16 

-0.08 
-0.24 
-0.30 
>-.38 

Measured pH 
Pt Elect. Pot. (v) 
Sample Temp. (C) 
Formation Temp. (C) 
Dens ity (g/ml) 

Lithium (Li+) 
Sodium (Na+) 
Potassium (K+) 
Rubidium (Rb+) 
Anloonium (NH4+) 
Magnesium (Mg+2) 
Calcium (Ca+2) 
Strontium (Sr+2) 
Barium (Ba+2) 
Radium (Ra+2) 
Manganese (Mn+2) 
Iron (Fe+2) 
Nickel (Ni+2) 
Copper (Cu+2) 
linc (In+2) 
Lead(Pb+2) 
Aluminium (Al+3) 
Uranium 

Fluoride (F-) 
Chloride (Cl-) 
Bromide (Br-) 
Iodide (1-) 
Sulfate (S04-2) 
Phosphorus (P) 
Tot. Arsenic (As) 
Alkalinity as HC03-
Bicarbonate (HC03-) 
Carbonate (C03-2) 

Silica (H2Si03) 
Borate (B(OH)3) 
Total Iron 
Diss. Organic C 

Nitrogen (N2) 
Methane (CH4) 
Hydrogen (H2) 
Argon (Ar) 
Carbon Dioxide 

7.80 
-0.15 
16.1 

30 
1.0046 

av/1 
1.9 

3032 
19.1 
0.01 
2.6 

68.1 
208.8 
20.4 
0.47 

1.2E-08 
0.36 

< 2.45 
< 0.004 
< 0.004 

< 0.11 
< 0.04 
< 0.17 

5.0E-05 

1.46 
5208 
20.3 
7.9 

5 
0.15 

0.001 
134.6 
131.5 

1.5 

9.9 
13.32 
< 3.3 
< 1.9 

DIg/kg 
3.16 

448.3 
< 0.02 

0.47 
5 

mlal1ty 
2.75£-04 
1. 32£-01 
4.90£-04 
1.17£-07 
1.45E-04 
2.81£-03 
5.23E-03 
2.34£-04 
3.44E-06 
5.33E-14 
6.58E-06 

<4.40E-05 
<6.84E-08 
<6.32E-08 
<1.69E-06 
<1.94E-07 
<6.33E-06 

2.11E-1O 

7.72E-05 
1.47E-01 
2.55E-04 
6.25E-05 
5.23E-05 
4.86E-06 
1. 34E-08 
2.21E-03 
2.16E-03 
2.51E-05 

1.27E-04 
2.16E-04 

<5.93E-05 
<1.59E-04 

mlal1ty 
1.14E-03 
2.82E-02 

<1.00E-05 
1. 19E-05 
1. 15E-04 
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TABLE 3: Summary of the procedure for defining the USM Reference 
Conditions 

Parameter 

pH 

pE 

assumed 
value 

40 

7.5 

-4 

comments 

at 850 m depth on temperature log in 
Schafisheim borehole 

based on calculations from surface sample in 
Schafisheim borehole 

fixed, based on assumed equilibrium with 
sulphate and pyrite for the pH of 7.5 

log (PC02) 

Na (roM) 

-2.5 

185 

fixed, typical value for such groundwaters 

fixed in order to keep the ion i c strength 
ca 0.2 M 

K (roM) 

Mg 

Ca 

Sr (roM) 

NH4 (mM) 

Cl (roM) 

0.5 

0.2 

0.2 

ca 200 

mean of the 2 analyses of Schafisheim samples 

calculated assuming saturation with dolomite 

calculated assuming saturation with calcite 
and dolomite 

mean of the 2 analyses of Schafisheim samples 

mean of the 2 analyses of Schafisheim samples 

calculated to keep the ionic strength 
ca 0.2 M, and charge balance 

alkalinity calculated from the assumed pH, pC02, calcite 
and dolomite saturations 

2.2.3 

0.05 mean of the 2 analyses of Schafisheim samples 

calculated assuming saturation with chalcedony 

Presentation of the available data for the OPA 

In addition to the sediment study report (NAGRA, 1989), some of the 
data presented below have been published in Nagra technical reports 
(NAGRA, 1987, 1988a, b). However, some very important data, the 
leaching experiment of core samples and the procedure for defining 
the selected reference waters are only available as internal 
communications and have therefore been summarised in Appendices 1 
and 2, respectively. 
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TABLE 4: OPA: Geochemical data from the Weiach, Riniken and 
Schafisheim borehole cores (based on NAGRA, 1987; NAGRA, 
1988a,b) 

Mineralog~ (% weight) 

Main comQonents 

mineral 

calcite 
dolomite 
ankerite 
siderite 
quartz 
feldspar 

clay minerals 
+ accessories 
distributed in: 
- illite 
- kaolinite 
- smectite 
- chlorite 
- illite/smectite 

Accessory comQounds 

pyrite 

iron oxide/ 
hydroxide 

others 

organic carbon 

Porosity: 

total porosity 
open macroporosity * 
open microporosity * 

range average 

3-67 9 

0- 6 <1 
0-40 4 

11-23 18 
0- 5 1 

25-75 65 

40-50 % 45 % 
15-45 % 25 % 

5-25 % 15 % 
5-20 % 15 % 

frequently present, 1-2 % 

locally present 

locally: barite, coelestite, strontianite 

0-2.7 %, average 0.7 % 

range (%) 

1.5-12.6 
0.2-1.2 
1.9-8.6 

average (%) 

6 
0.5 
8 

* mercury injection porosimetry 
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2.2.3.1 Geology, flow system 

The OPA, compr is i ng the lower part of Dogger, is composed of an 
80 m to 120 m thick series of shales and marls which were deposited 
in a marine environment. The high proportion of clay minerals and 
the relatively uniform lithology are major reasons for considering 
it as a potential host-rock. 

This positive aspect is reinforced by the fact that low 
permeability formations surround the OPA. The next possible 
aquifers (2 to 10 m thick) are formed by the overlying sandy 
calcareous layers of the Murchisonae Schichten and the underlying 
calcareous Arietenkalk, which is situated 15 to 30 m below the OPA. 

The study of the potential flow zones is based on surface exposures 
and borehole information. In outcrops, the well consolidated OPA is 
characterised by a fracture system orthogonal to the bedding, which 
cuts the rock into small blocks ranging in size from some deci
meters to "'1 m. Cores show I furthermore, the occurrence of a 
horizontal fracture system. On a larger scale, more or less 
vertical shear zones separated by 100 m or more, cut the formation. 
Although there is evidence of water flow in such shear zones near 
the surface, there is no indication of such flow occurring at 
depth. 

2.2.3.2 Geochemistry/petrography 

Very detailed petrographical analyses have been conducted on core 
samples of the Weiach, Riniken and Schafisheim boreholes. These 
results have already been published (NAGRA, 1987, 1988a,b). The 
data considered in this report are presented in Table 4. Because 
the Cation Exchange Capacities (CEC) and the exchangeable cations 
of the rock play an important ra 1 e in the understand i ng and 
interpretation of the available data, they have been listed more 
completely in Table 5. 

In most cases, the clay minerals, especially illite and kaolinite, 
are dominant, but 10 to 20 % of the OPA layers are formed by 
calcareous strata, with up to almost 70 % calcite, or by sandy 
1 enses wi th up to 23 % quartz and ca 1 careous nodu 1 es wi th up to 
40 % siderite. 

2.2.3.3 Geochemistry/organics, gas 

The core analyses give variations in the organic carbon content of 
OPA from 0 to 2.7 %. The average value of 0.7 % is relatively high 
in comparison with that of the USM (0.1 %). 

Ne i ther 0 i 1 nor gas have been i dent if i ed in OPA in the Nagra 
boreholes. The only available indications for their occurrence 
have been reports of bore core degassing of samples from 2,000 m 
depth in the Southern German Molasse basin. 
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2.2.3.4 Hydrochemistry 

2.2.4 

Because of the very low permeability of the OPA, water samples 
could not be collected in the deep boreholes or in the framework of 
the North Switzerland regional hydrochemical program. 

In order to obtain some basic data for the definition of Reference 
Conditions, a leaching test was designed. The detailed procedure of 
this test is presented in Appendix 1. In summary, oxidised core 
samples from the Weiach and Schafisheim boreholes have been leached 
using different rock/water ratios. The analyses have included pH, 
alkalinity, Cl, S04, Na, K, Mg, Ca. 

Definition of Reference Conditions for the OPA 

Because of the storage conditions of the core samples, most of the 
results of the leaching test mentioned above could not be used 
directly for further interpretation. The definition of Reference 
Conditions had therefore to be based on a careful interpretation of 
the test results and on various assumptions (pH, pe, PC02 , 

carbonate system, sulphate). 

The pH and ion concentrations obtained with three rock/water ratios 
are summarised in Table 2 of Appendix 1 and a discussion of the 
results is presented below. 

Most of the 1 each i ng test data cannot be cons i dered as represen
tat i ve of the groundwater cond i t ions because of the effect of 
react ions dur i ng the storage of the samp 1 es or the exper iment 
itself. The sulfate and carbonate systems (affecting here pH, Ca, 
S04- 2 , alkalinity) are disturbed by oxidation processes and calcite 
dissolution. The Na, K, Mg concentrations could also be influenced 
by cation exchange on the clay minerals, because the Ca content of 
the solution is increased by calcite dissolution during the test. 
The chloride concentration obtained by the leaching test should, 
however, not be affected by such processes and has been accepted 
directly. 

For defining the Reference Conditions of the OPA, various 
assumptions have been made in order to obtain input values for the 
parameters wh i ch cannot be extracted from the resu 1 ts of the 
leaching test. The following procedure has been used: 

- the Na-S04 water-type obtained from the test is considered to be 
an artifact due to pyrite oxidation in the rock sample. This 
would have been followed by replacement of Fe2 + by Na+ from the 
clays and thus increased the Na+ and S042 - contents of the water 
sample. 

- the temperature has been set for the repos i tory depth from 
measurements during geophysical logging of boreholes 
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TABLE 5: OPA: Cat i on exchange capac i ties for the We i ach , Riniken, 
Schafisheim borehole samples 

Depth (m) Sample Description pH Exchangeable ions meq/100 g 

K+ Na+ Mg++ Ca++ Total 

a) Riniken 

348.57 Clay 9.2 2.00 5.85 1.90 9.15 18.90 
360.39 Clay, silty 8.7 2.70 6.10 2.05 10.65 21.50 
327.38 Clay, sandy-calcareous 9.2 2.55 7.35 2.25 7.50 19.65 
448.68 Marl, silty 9.0 2.75 7.05 2.05 8.35 20.20 

b) Weiach 

565.30 Siltstone, calcareous 9.5 2.45 6.50 2.50 14.75 26.20 
595.10 Clay, silty, carbonate 9.8 2.50 6.40 2.60 14.30 25.80 
610.50 Clay, silty, carbonate 9.6 2.10 7.20 2.15 14.85 26.30 
630.25 Clay, silty, carbonate 9.5 2.30 7.90 2.50 14.85 27.55 
645.40 Clay, silty, carbonate 9.5 1.70 7.75 2.20 14.45 26.10 
660.65 Clay, silty, carbonate 9.6 1.75 7.70 2.00 18.25 29.70 

c) Schafisheim 

1004.70 
1029.80 
1045.35 
1059.30 
1076.80 

Clay, silty, calcareous 8.7 2.13 6.70 1.60 8.15 18.58 
Clay, silty, calcareous 8.8 1.89 7.52 1.54 7.96 18.91 
Clay, silty, carbonate 8.9 1.87 7.55 1.36 8.24 19.02 
Clay, sandy, calcareous 9.0 1.82 7.79 1.23 7.82 18.66 
Clay, sandy, calcareous 9.1 1.98 7.29 1.19 7.78 18.20 

- because the pH reported in the 1 iterature for groundwaters in 
contact with clay formations is around 8.5 (e.g. HENRION et al., 
1985, THORSTENSON et al., 1979), this value has been chosen as a 
reference datum 

- as pyr i te is present in the rock, the redox cond i t ions are 
assumed to be defined by equilibrium with this mineral. 
Considering the pH is fixed at 8.5, the pe has been set to -5 to 
allow for pyrite stability. This value was not defined by 
calculation, but taken directly from a pe-pH diagram (NORDSTROM 
and MUNOZ, 1986) 

- from the petrography of the rock (see Table 4), the groundwater 
is assumed to be in equilibrium with the minerals calcite and 
cha 1 cedony. Do 1 omi te has not been reported, and the occurrence 
of ankerite « 1 %) is considered too low to control the water 
chemistry 
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TABLE 6: 

Parameter 

T (OC) 

pH 
pe 

- in the absence of other information, the sulfate content and the 
PC02 have been assumed simi 1 ar to the va 1 ues obta i ned for the 
USM 

- the alkalinity has been determined by calculation based on 
calcite saturation and the fixed pH and PC02 

- the results of the leaching experiments have been used to define 
the Cl, as well as the Na, K and Mg concentrations based on the 
following considerations: 

the samp 1 e poros i ty has to be taken into account in any 
interpretation of the test results. Assuming an average 
sample porosity of 5 %, for example, a dilution factor of 50, 
shou 1 d be app 1 i ed to the measured concentrat i on s wi th a 
rock/water ratio of 1:1 (experiment conducted with 20 g rock 
and 20 ml water) 

the distribution of Na, K and Mg have been determined by 
using the semi-empirical equations which relate the 
exchangeable sodium/potassium ratios (ESR, EPR) to the 
sodium/potassium adsorption ratios (SAR, PAR). The ESR and 
EPR are calculated from the ion exchange capacities measured 
on the clay minerals (BAEYENS et al., 1985). This inter
pretat i on method and the resu 1 ts obta i ned are descr i bed in 
more detail in Appendix 2. 

The input data and assumpt ions used for def in i ng the Reference 
Conditions of the OPA are summarised in Table 6. 

Summary of the procedure for defining the OPA Reference 
Conditions 

assumed 
value 

45 

8.5 
-5.0 

coments 

at 850 m depth on temperature log in Riniken 
and Weiach boreholes, 

log PC02 (bar) 
Na (mM) 

-2.5 
191 
3.1 

16.0 

common value for clay formations 
assumed from pH and pyrite equilibrium 
same value as USM 
calculated from ion occupancy on clay 
calculated from ion occupancy on clay 
calculated from ion occupancy on clay 
calculated assuming calcite saturation 
value from leaching test 

K (mM) 
Mg (mM) 
Ca 
Cl (mM) 
S04 (ruM) 
alkalinity 

200 
0.05 same as USM 

calculated assuming fixed pH, PC02 and calcite 
saturation 
calculated assuming saturation for chalcedony 
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2.3 Calculation of Reference Waters for USM and OPA 

2.3.1 Database and computer codes 

2.3.2 

The procedures summarised in Tables 3 and 6 are sufficient to 
calculate the main components of Reference Waters for USM and OPA, 
respectively. These calculations were made using two different 
chemical thermodynamic codes, MINEQL (WESTALL et al., 1976) and 
PHREEQE (PARKHURST et a 1., 1980). MI NEQL inc 1 uded an expanded 
database (MINEQL/EIR) established by SCHWEINGRUBER (1983) whereas 
PHREEQE was run with two alternative databases, HARWELL (CROSS et 
al., 1987) and PEARSON (PEARSON, 1989). 

The basic principles behind the thermodynamic codes are identical, 
but their application differs in detail. For example, the 
calculations with MINEQL have to set the log (PC02 ) slightly above 
-2.5 in order to achieve mineral saturation at the chosen pH. In 
contrast, the PHREEQE code adjusts the pH va 1 ue to be cons i stent 
with the selected log (PC02 ) and mineral phases. More fundamental, 
however, is the fact that the as soc i ated thermodynami c databases 
differ somewhat, giving rise to slight variations in the derived 
major ion concentrations. 

Results 

The results of the thermodynamic calculations for the definition of 
the water chemi stry are presented in Tab les 7 and 8 for USM and 
OPA, respectively. The differences in the results are relatively 
minor. The PHREEQE/PEARSON values have been selected to define the 
reference waters. This is because the PEARSON database is 
considered to calculate the water chemistry most accurately since 
it was more recently updated. Thus these reference waters should be 
used for any further simulations. In circumstances where 
thermodynami c mode 11 i ng of the water cherni stry is i nvo 1 ved, then 
the reference conditions (which were used to define these reference 
waters) shou 1 d serve as input to a 11 ow the code to estab 1 ish a 
water chemistry consistent with its modelling approach/database. 
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TABLE 7: Results of the geochemical calculations with PHREEQE and 
MINEQL/EIR for USM 

MINEQL/EIR PHREEQE/HARWELL PHREEQE/PEARSON 

Temperature (OC) 40 40 40 
pH 7.5 7.47 7.5 
pe -4 -4 -4 
log (PC02) (bar) -2.47 -2.50 -2.50 
Alkalinity (eq/1) 1.84E-03 1.75E-03 1.66E-03 
Ionic strength (M) 0.207 0.207 0.207 

Na+ (mM) 185 185 185 
K+ (mM) 0.5 0.5 0.5 
NH4+ (mM) 0.2 0.2 0.2 
Mg2+ (mM) 2.8 2.59 2.64 
Ca2+ (mM) 4.15 4.29 4.19 
Sr2+ (roM) 0.2 0.2 0.2 
C1- (mM) 198 198 198 
S042- (mM) 0.05 0.05 0.05 
C03 2-tot as 
HC03 - (mM) 1.91 1.79 1.78 
H4 Si04 (mM) 0.417 0.418 0.395 

Saturated calcite calcite calcite 
so 1 ids chalcedony chalcedony chalcedony 

dolomite dolomite dolomite 
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TABLE 8: Resu 1 ts of the geochemi ca 1 calculations with PHREEQE and 
MINEQL/EIR for OPA 

MINEQL/EIR PHREEQE/HARWELL PHREEQE/PEARSON 

Temperature (OC) 45 45 45 
pH 8.5 8.5 8.5 
pe -5 -5 -5 
log (PC02) (bar) -2.46 -2.50 -2.50 
Alkalinity (eq/1) 2.60E-02 2.62E-02 2.61E-02 
Ionic strength (M) 0.235 0.234 0.234 

Na+ (mM) 191 191 191 
K+ (mM) 3.1 3.1 3.1 
Mg2+ (mM) 16.0 16.0 16.0 
Ca2+ (mM) 0.049 0.046 0.041 
C1- (mM) 200 200 200 
504 2- (mM) 0.05 0.05 0.05 
C0 3 2-tot as 
HC03 - (mM) 21.8 21.8 21.5 
H4 Si04 (mM) 0.514 0.546 0.504 

Saturated calcite calcite calcite 
so 1 ids chalcedony chalcedony chalcedony 
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3. RADIONUCLIDE SPECIATION AND SOLUBILITY LIMITS FOR USM AND OPA: 
B. BAEYENS, U. BERNER, C. WITTWER 

3.1 Aims 

I nth i s c hap t e r the sol ubi 1 i t Y and s p e cia t ion 0 fan umbe r 0 f 
important elements are ca 1 cu 1 ated for the Reference Cond i t ions 
specified previously. The solubilities provide a constraint on the 
maximum capacity of a particular flow system to transport radio
nuclides. Comparing these values with those predicted for the near
field (McKINLEY, 1989), gives an indication if any precipitation is 
likely at the near-field/far-field interface. The predicted 
solution phase speciation of radionuclides will influence the 
expected sorption. Thus, if site-specific laboratory studies are 
lacking, it provides an important input for the appraisal of 
literature data (see chapter 4). 

3.2 Database and codes 

The two codes MINEQL and PHREEQE used for the calculations of the 
Reference Waters (Section 2.3.2) have also been used for the 
radionuclides speciation calculations. Since the PEARSON database 
does not contain the elements of interest, PHREEQE was only run 
with the HARWELL database. 

The calculations have been performed with the following selected 
nuclides: 

- Np, U, Tc, Pu, Pa, Th, Am, Cm, Se, Sn with PHREEQE/HARWELL. This 
database has been extended for Pd and Se using values proposed 
by BAEYENS and McKINLEY (1989) 

- Np, U, Tc, Pu, Am, Th with MINEQL/EIR. These results can be 
compared directly with the data published for the crystalline 
groundwater in Project Gewahr 1985 which used the same 
code/database. 

The se lected elements cover the range of key safety-re levant 
nuclides identified in Project Gewahr 1985, with the exception of 
caesium which has not been considered because of its simple 
speciation. 

3.3 Results 

The two sets of calculations produced slightly different results, 
which are listed in Tables 9 and 10 for USM and OPA, respectively. 

For some of the MINEQL runs, calculations were carried out for both 
ox i de and hydrox i de 1 imi t i ng phases. The cho i ce of so 1 i d phase 
altered the solubility but did not effect the predicted solution 
phase speciation, with the exception of Pu, and even here the 
effect was very small. 
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It must be emphasised that the data presented are very dependent on 
both the databases (species considered, log K values) and the 
modelling assumptions. For example, the PHREEQE code predicts Pd 
solubilities at a chemically meaningless level « lE-23 M), which 
can only be interpreted as totally insoluble. Even then, the 
numerical values are greatly influenced by the database: for Pd in 
particular, it is possible to postulate the existence of as yet 
uncharacterised aqueous species which could potentially increase 
solubility by many orders of magnitude (BATH et al., 1987). 

Further comparison of the results obtained with the individual 
databases shows th i s same effect. For examp 1 e, the MINEQL/EIR 
database for U contains the U(OH)s- species, which is predominant 
in USM and very important in OPA. The Harwe 11 database, on the 
other hand, does not inc 1 ude th i s spec i es and hence pred i cts 
dominance of the highly charged carboxo complexes of U(V). On the 
basis of the available data, it is impossible to rigorously choose 
between these (or other) alternative databases. 

Finally, it should be noted that the choice of the solubility 
determining solid is again quite arbitrary. Experimental data are 
genera lly based on d i sso 1 ut ion experiments, rather than on more 
relevant precipitations. For example, changing the assumption of 
whether Th02 in a crystalline form will control solubility rather 
than in an amorphous form, eg. Th(OH)4, can alter the derived 
solubility by approximately 8 orders of magnitude. 

Tables 9 and 10 also include selected solubilities for safety 
analysis. For the actinides, a rounded value based on the highest 
predicted solubi 1 ity is assumed bearing in mind the database 
uncertainties discussed above. Exceptions are Th which is known to 
have a very low so 1 ub i 1 i ty in natura 1 waters, and Cm for wh i ch 
chemica 1 ana logy with Am was assumed because of the very poor 
database for Cm. A 1 though the MINEQL database is probab ly better 
estab 1 i shed for Tc than PHREEQE/HARWELL, a best est imate between 
the two predictions was assumed. Both Pd and Sn are predicted to be 
effectively insoluble, but the value taken here represents a 
typical measurement level cut-off. The predicted Se solubility is 
probably reasonable as long as the Se system is in redox 
equilibrium. This is a questionable assumption based on analogy 
with the S system, but is necessary for modelling purposes. 

It must be reemphasised that, while the selected values in Tables 9 
and 10 are the best that can be derived from available databases, 
they are genera lly qu ite uncerta in. A 1 though usefu 1 for scoping 
stud i es, key pred i ct ions shou 1 d be carefu lly va 1 i dated through 
laboratory or field experiments before they are used with full 
confidence. 
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SOLUBILITY [M] CONTROLLING SOLIDS SPECIATION LOG SOLUBILITY [M] '-0 

I 
a 

Element PHREEQE/ MINEQL/EIR PHREEQE/ MINEQL/EIR 
N 

PHREEQE/ MINEQL/EIR FOR SAFETY ANALYSIS 
HARWELL HARWELL HARWELL 

Th 2.4xlO- IO 2.0xl0-1O Th02 Th02 Th(OH)4° Th(OH)4° - 9.5 
3.2xl0-2 Th(OH)4 

Pa 1.9xl0-7 Pa205 Pa02(OH)O - 6.5 

U 1. 7xl0-14 1.6xl0-1O U02 U02 U02(C03l3 U(OH)5- -10 
2.5xl0-13 U(OH>2(H2Si04) 

Np 2.0xl0-12 1.1xlO-15 Np02 Np02 Np(OH)4° Np(OH)5-, Np(OH)4° -12 
3.4x10-12 Np(OH)4 

Pu 1.5xlO-12 1.5xlO-13 Pu02 Pu02 Pu(C03b Pu( C03)+, Pu(OH)S- - 5 ........ 
'-0 

1.lxlO-5 Pu(OH)4 
Am 2.2xl0-6 2.0x10-3 AmOHC03 Am(OHb AmOHC03° , AnJ3+, AmC12+ - 3 

AnJ3+ 
Cm 2.3xl0-5 CmOHc03 CmOH2+ - 3 

Tc 3.6x10-8 2.3xlO-9 Tc02 TeO TeO(OHhO TcO(OH)2°, TcO+ - 8 

Pd < 10-23 Pd Pd(OHhO < -12 

Sn 2.4xl0-18 Sn02 Sn(OH)2° < -12 

Se 9.1xl0-8 Se HSe- -7 
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TABLE 10: Resu 1 ts of the solubility/speciation calculations with PHREEQE/HARWELL and :z 
MINEQL/EIR for OPA --I 

OJ 

(XI 
1.0 
I 

0 
N 

SOLUBILITY [M] CONTROLLING SOLIDS SPECIATION LOG SOLUBILITY [M] 

Element PHREEQE/ MINEQL/EIR PHREEQE/ MINEQL/EIR PHREEQE/ MINEQL/EIR FOR SAFETY ANALYSIS 
HARWELL HARWELL HARWELL 

Th 2.3x10-10 1.9xlO-lO Th02 Th02 Th(OH)4° Th(OH)4° -9.S 
4.Sx10-2 Th(OH)4 

Pa 1.9x10-7 Pa20S Pa02(OH)O -6.S 

U 2.7xlO-9 2.0x10-9 U02 U02 U02(C03h U(OH)S-, U02(C03) -9 

Np 2.0x10-12 2.9x10-11 Np02 Np(OH)4 Np(OH)4° Np(OH)S-, Np(OH)4° -11 N 
0 

Pu 7.0xlO-1O 3.2x10-13 Pu02 
Np(OHh(C03)-

Pu02 PU(C03)4 Pu(OH}5-, PU(C03)33- -S 
PU(C03)+ 

2.0xlO-S Pu(OH)4 

Am 3.9xlO-6 6.4x10-6 AmOHC03 Am(OHh AmOH(C03h Aro3+, AmOH42+ -5 

2.0xlO-7 
AmC12+, Am(OH)2+ 

Cm CmOHC03 CmOH2+ -5 

Te 3.6xlO-8 2.2xlO-9 Te02 Teo TeO(OH)2° TeO(OHhO -8 

Pd < 10-23 Pd Pd(OH)2° < -12 

Sn 2.4xlO-18 Sn02 Sn(OH)2° < -12 

Se 8.7xlO-7 Se HSe- -6 
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4. RADIONUCLIDE SORPTION: I.G. McKINLEY 

4.1 Introduction 

The sorpt i on database for the sed iment study is based almost 
entirely on extrapolations from the literature. The only known 
measurements on the OPA and USM are for Cs and Sr. In principle, 
the selection criteria and the caveats associated with the database 
are as specified by McKINLEY and HADERMANN (1984). The recommended 
II sediment li sorption data for a reducing deep water listed in the 
1 atter report can be used as a bas i s for the current se 1 ect i on 
process. Factors which have to be taken into account, however, are 
the differing properties of OPA and USM relative to the sedimentary 
aquifers considered for Project Gewahr 1985 and further literature 
now available which was not considered in the earlier work. 

In the following discussion considerable weight is given to the 
literature on speciation. Generally, in natural systems cations are 
well II sorbed II by ion-exchange and surface complexation reactions 
wh i 1 e the extent of an ion sorpt i on is very weak and tends to be 
associated with particular minerals (e.g. pyrite, iron oxides/ 
hydroxides etc.). Empirically, strongly hydrolysed cations which 
are predicted to form neutrally charged hydroxy complexes are 
ibserved to be very strongly sorbed (e.g. Th, Pa). The mechanism 
here may be exchange of OH- for a surface complexation site. 

4.2 Cs and Sr 

The scaling factor involved in conversion from the assumed sandy 
aquifers to the clay rich OPA and USM can be assessed by comparison 
of the Kd value for Cs with values of 10 and 50 m3 /kg measured by 
LASKE (1979) on OPA and USM, respectively. The latter values are 
very high but are comparable with average Kd's of approx 8 and 11 
m3 /kg derived by SHEPPARD et ale (1984) for clay and silty soils 
respect i ve ly, the wi de range of va 1 ues measured by DUURSMA and 
EISMA (1973) on marine sediments (approx. 1 - 10 m3 /kg) and 
measured va 1 ues for benton i te (e. g. 1.4 m3 /kg - TORSTENFELD, 
1986a). The sorption of Cs on such materials is commonly observed 
to beconcentrat i on dependent (e.g. BAEYENS, 1982 ; McKINLEY and 
WEST, 1984) but, nevertheless, a value of 5 m3 /kg would seem to be 
reasonable for a Cs concentration of approx. 10- 7 M and a value of 
0.5 m3 /kg would be very conservative. The increase of x5 over the 
II sed i me n t II val u e sis a p p 1 i cab 1 eon 1 y to the c 1 a y po r t ion s of the 
formations; the original values of 1 and 0.1 m3 /kg would apply to 
any sand channels or layers which may form preferential flow paths. 
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A 1 though Sr is not important for the sed iment study far-fie 1 d 
ana lys is, it may a 1 so be noted that Laske IS Sr data gi ve Kd I s of 
approx. 0.2 and approx. 0.3 m3 /kg on OPA and USM, respectively, but 
these values vary markedly with rock/water ratio and decrease 
considerably with increasing Ca2+ concentration. These data agree 
well with other sources (cf. Cs references above), indicating that 
Sr is less strongly sorbed in such clay systems. 

4.3 The Actinides 

In the reducing, slightly alkaline reference water, it can be 
expected that Ac, Am and em will be present in the III oxidation 
state and behave very similarly, while Th will be in the IV 
oxidation state. Regardless of their detailed speciation in 
solution, these nuclides are observed to be very strongly sorbed in 
natural systems (e.g. SHEPPARD et al., 1984; TORSTENFELT, 1986b; 
MEIER et al., 1987; BAETSLE et al., 1986). For a silt or clay 
system, a Kd value of 10 m3 /kg would be reasonable for any of these 
nuclides while a value of 1 m3 /kg would be very conservative. By 
analogy with the Cs values, Kd1s for the sand channels would be a 
factor of 5 smaller. 

The situation for Np, Pu, Pa and U is somewhat more complex as it 
is difficult to be confident of not only the speciation but also 
even the oxidation state due to the poor quality of available 
thermodynamic databases. Thus, while low oxidation states (IV or 
even III) might be expected which would be very strongly sorbed, 
higher states (V or VI corresponding to the An02+ and An022+ 
cations) could be stabilised by complexing ligands such as C03 2-. 
Empirically, however, all of these nuclides are observed to be very 
strongly sorbed in reducing systems. While it is possible that many 
of the free multicharged anionic species predicted by the codes 
(e.g. U02(C03 )35 -) are calculational artifacts, it is also probable 
that many of the enormously high Kd values reported for such 
actinides (> 102 m3 /kg - e.g. SHEPPARD et al., 1984; NYFFELER et 
al., 1984) are experimental artifacts which are caused by failure 
to distinguish between precipitation and sorption processes (cf. 
BERRY et al., 1988). For all these nuclides, therefore, a realistic 
Kd of 5 m3 /kg is accepted, but a lower conservative value of 0.1 
m3 /kg is chosen to take into account the uncertainties involved. 

4.4 Fission/activation products and actinide daughters 

c: 
As the main retardation mechanism for inorganic carbon "carbonate" 
is expected to be isotope exchange, its "sorption" will be related 
to carbonate content rather than clay content. The Project Gewahr 
1985 data are probably very conservative in the light of sorption 
studies by ALLARD et al. (1980) and BAYLISS et ale (1987) and 
realistic/conservative Kds of 0.1/0.005 m3 /kg would better 
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represent the present consensus. This range is confirmed by 
unpublished data from Chalmers University, Goteburg (K. Anderson, 
pers. comm.) even if somewhat low relative to the very high 
sorption values reported by BALISTRIERI and MURRAY (1986) for 
marine sediments. 

I: 
Sorption data for I have recently been extensively reviewed by LIU 
and VON GUNTEN (1988). This work shows that, although sorption 
measurements on clay are somewhat suspect, pyrite may be an 
important i mmobil is i ng agent for th i s element as, indeed, may be 
iron oxyhydrox ides. Given the reasonab 1 y high pyr i te content of 
both OPA and USM, a Kd of 0.005 m3/kg would seem reasonable 
although, again, Kd = 0 is taken for the conservative case. As the 
pyrite content is probably not significantly lower overall in the 
sand channels of the USM, I sorption in these would be the same as 
in the clay. Sorption of I by the organic content of sediments has 
also been reported (e.g. BEHRENS, 1982; ANDERSSON, 1987) but this 
will be considered further in chapter 5. 

Pb: 
Recent measurements of Pb sorption on Boom clay (HENRION, 1985) 
confirm the geochemically expected high sorption of this element 
and show no indication of the mobile anionic form postulated in 
McKINLEY and HADERMANN (1985). Such anionic species are also 
discounted by the modelling studies of EWART and TASKER (1987). The 
realistic Kd from the latter (1 m3/kg) is thus accepted and a value 
of 0.1 m3/kg should be sufficiently conservative. 

Mo: 
Data on Mo sorption on hydrous oxides (KIM and ZEITLIN, 1969, 1970) 
indicate that significant sorption is to be expected on such 
components of the sediment. A va lue of 0.01 m3/kg is taken to be 
realistic with 0.001 m3/kg conservative. 

Hi: 
The few add i tiona 1 data in SHEPPARD et a 1. (1984) and REDDY and 
DUNN (1986) suggest that the Project Gewahr 1985 va 1 ues for th i s 
element would be somewhat overconservative for a clay formation. A 
realistic value of 0.5 and conservative 0.05 m3/kg would thus seem 
to be more reasonable. 

Pd: 
Specific thermodynamic model 1 ing for the sediment study indicated 
that the predominant species in solution would be Pd(OH)2° which 
wou 1 d be expected to show simi 1 ar sorpt ion propert i es to N i. 
Realistically, therefore, the Kd value is taken to be 0.5 m3/kg 
but, in view of the pauc i ty of exper imenta 1 data I 0.005 m3/kg is 
taken to be conservative, especially in view of the strong 
dependance of Pd sorption on salinity (cf. KLOTZ et al., 1985). 
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Ra: 
The relatively low Kd for Ra which would be expected based on its 
similarity to Sr and its known geochemical mobility contrasts with 
v e r y h i g h so r p t ion val u e s me a sur e din s i 1 t san d c 1 a y s ( e . g . 
SHEPPARD et a 1., 1984), on iron oxyhydroxides and even on quartz 
(BENES et a1., 1984). In view of this uncertainty, a Kd of 5 m3 /kg 
is taken as realistic but a value two orders of magnitude less is 
taken to ensure conservat ism, especi ally gi ven the range of Ba 
sorption data reported (NYFFELER et a1., 1984). 

Rn: 
As in Project Gewahr 1985, there is no reason to expect any 
retardation of this element. 

Se: 
A lthough further data have been found suggesting small but 
significant sorption of selenate in relevant systems (e.g. SHEPPARD 
et a1., 1984), the previous calculations indicate that Se will be 
present as se 1 en ide in the sed iments cons i dered. It is to be 
expected, nevertheless, that se1enide would follow sulphide, 
interacting with metal oxides (e.g. iron oxyhydroxides) and 
possibly exchanging with sulphide in pyrite (c.f. Data in WINKLER 
et a 1 ., 1986). The or i gina 1 Project Gewahr 1985 data wou 1 d 
therefore st ill appear reasonab 1 e· a 1 though may be overconservat i ve 
if the sorption experiments by NYFFELER et a1. (1984) in marine 
systems (giving Kd approx. 1 m3 /kg) can be considered 
representative. 

Sm: 
By analogy with Eu, fairly extensive Sm sorption would be expected 
on material like Boom Clay (Kd > 1 m3 /kg; BAEYENS, 1982). Although 
this chemical analogy might not be so good under reducing 
conditions (R. Alexander, pers. comm.), such data are nevertheless 
also compatible with measured values for Ce (SHEPPARD et a1., 
1984). The original Project Gewahr 1985 values are thus accepted 
directly. 

Sn: 
Data suggesting very strong Sn sorption (SHEPPARD et a1., 1984, 
NYFFELER et a1., 1984) support the modelling results which suggest 
the Sn(OH)2° complex as the dominant species in solution. By 
analogy to Pd, therefore, 0.5 m3 /kg is assumed to be a reasonable 
estimate of the Kd while 0.005 m3 /kg is taken to be conservative, 
given the lack of relevant experimental data. 

Te: 
Thermodynamic models predict TcO(OH)2° as the dominant solution 
phase species in the reference waters. This is compatible with the 
recent sorption work under carefully controlled redox conditions 
(e.g. HENRION et ale (1985) on Boom Clay, ERIKSEN (1985) on granite 
fissure infill, WINKLER et ale (1986) on Gor1eben sediments, 
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TORSTENFELT (1986a) on bentonite, HAINES et ale (1987) on iron 
oxides). Thus, while the Project Gewahr 1985 realistic value still 
seems reasonable, the conservative value now seems overly 
conservative and is increased by a factor of x 5. 

Zr: 
No new data were found for Zr, so the Project Gewahr 1985 values 
are accepted. 

4.5 Discussion 

The data selected are summarised in Table 11. One major point which 
should be emphasised, however, is that these data do not take into 
account the effects of organ i cs or mi crob i a 1 act i v i ty in the 
sediments (considered further in the following section). 

It should also be noted that a general factor of five reduction in 
Kd is suggested for all elements (except C and I) for sand 
channe 1 s. It is imp 1 i cit here that such channe 1 s have the average 
composition specified in chapter 2. For specific transport 
scenarios, it might be assumed that the major flow path is a 
connected flow channel with a relatively high advective flow. In 
this case, the channel may correspond to fairly pure sand and hence 
the sorption would be much lower (e.g. by a further factor of 10 
for a sand with only 1 % clay). 

For a HLW repository, no near-field source of organic radiocarbon 
is expected, but this could be formed from carbonate by microbial 
act i v i ty. A 1 though a very sma 11 pro port i on of th is cou 1 d form 
mobile species (e.g. CH4), most would be incorporated in the 
overall organic carbon pool causing extensive isotopic dilution and 
significantly retarding transport. 

Finally it should be noted that although values of Kd=O are chosen 
as conservative for C (inorg), I and Se, this is certainly 
overconservative given known uptake of such ions on minerals such 
as iron oxyhydrox ides wh i ch are known to be present and hence a 
very low value may be more reasonable (e.g. 10-4 m3 /kg). 
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TABLE 11: Recommended sorption database for the sediment study+. 

Element Kd (m3 /kg)* 
Realistic Conservative 

Ac 10 1 

Am 10 1 

Cs 5 0.5 

C (inorganic) 0.05 0 

Cm 10 1 

I 0.005 0 

Pb 1 0.1 

Mo 0.01 0.001 

Np 5 0.1 

Ni 0.5 0.05 

Pd 0.5 0.005 

Pu 5 0.1 

Pa 5 0.1 

Ra 5 0.05 

Rn 0 0 

Se 0.005 0 

Sm 2.5 0.25 

Sn 0.5 0.005 

Te 0.25 0.025 

Th 10 1 

U 5 0.1 

Zr 5 0.1 

4- See text for caveats on limits of use. 

* For clay horizons; values for sand channels/banks to be taken as a factor 
of 5 lower in all cases except C and I. 
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5. PROBLEM AREAS - ORGANICS, COLLOIDS AND MICROBES: I.G. McKINLEY 

TABLE 12: 

Previous chapters have considered the sediments in a fairly 
idealised way - including only mineral solid phases and inorganic 
species in true solution. Evaluation of the geochemistry of such 
formations would not, however, be complete without consideration of 
factors which could complicate this simple picture - in particular 
organic species, colloids and microorganisms. In Project Gewahr 
1985, these perturbations were discussed in only a very general 
manner and, despite considerable effort, even now evaluation can, 
at best, be considered semiquantitative. Nevertheless, due to the 
higher contents of both organics and clay size fractions, the role 
of all three of these perturbations is potentially more significant 
for the sediments than for a crystalline host-rock. 

In the following sections organics, colloids and microbes will be 
cons i dered separate ly, a 1 though there is cons i derab 1 e over 1 ap 
involved (see Table 12 and Figure 2) - the larger organic macro
molecules and the smaller microorganisms both fall into the 
colloidal size range while the production and consumption of 
organics are intimately related to microbial activity. 

Some physical parameters of solutes, colloids and 
particles likely to exist in freshwater (VANDERBORGHT, 
1986) 

Chemical form Approximate diameter 
(nm) 

Molecular 
weight range 

Small dissolved compounds 
Hydrated metal ions 
Small organic molecules 

Larger dissolved compounds 
Amino acids 
Fatty acids 
Fulvic acids 
Polyhydroxo-complexes 
Polysilicates 

Colloidal material 
Humic acids 
Inorganic colloids 
(metal hydroxides, 
clay minerals) 

Suspended particulate material 
Inorganic & organic particles 

< 1 
1 - 4 

2 - 4 
2 - 6 
2 - 6 
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5 - 10 
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> 100 

< 200 
< 200 
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5.1 Organics 

The mean organ i c carbon contents of the OPA (:::: 0.7 %) and USM 
(:::: 0.1 %) are somewhat smaller than that of the Boom Clay (:::: 1.2 %, 
BAEYENS et al., 1985) and much smaller than bituminous formations 
such as the Oxford Clay as found at the Harwell site (up to 10 %). 
The limited data on the organics from the OPA available (SCHAEFER 
and LEYTHAEUSER, 1984) would lead to their classification as low 
hydrogen kerogen with a corresponding minimal content of low 
mo 1 ecu 1 ar we i ght hydrocarbons (:::: 0.01 % of tota 1 carbon). The 
organic carbon can therefore be generally classified as a mixture 
of: 
- humic substances which could include simple humic, fulvic or 

hydroph i 1 i c ac ids in the mo 1 ecu 1 ar we i ght range :::: 102 - 105 

daltons 
- clay-metal-humic complexes with molecular weights ranging from 

:::: 105 - 109 daltons 
- true kerogen resistates - partially mineralised, amorphous 

material. 

The concentration of organic carbon in the reference waters in 
chapter 2 was not defined. A value of the concentration of 
Dissolved Organic Carbon (DOC) in a water sample from the USM at 
Schafisheim (see Table 2) was ~ 1.9 mg/l which might be quite 
reasonable for aquifers in such a formation. For comparison, the 
normal range of DOC in aquifers is 0.2 - 15 mg/l (THURMAN, 1985). 
The DOC in clay pore waters could, however, be much higher and 
values of up to 200 mg/l are reported for the Boom Clay (BAEYENS et 
al., 1985) while a range of :::: 0.1 - :::: 100 mg/l is found in Gorleben 
groundwaters (BUCKAU et al., 1986). 

It could also be noted that DOCs of :::: 0.4 mg/l and:::: 0.8 mg/l have 
been measured in Swiss crystalline rocks (Grimsel migration site 
and B6ttstein reference water [1360 mJ, respectively). The 
IIdissolved ll component here is probably operationally defined and 
corresponds to the < 0.45 J.1 fraction. It could thus include a 
significant amount of colloidal sized humic substances. Not 
inc 1 uded in these measurements, however, is part i cu 1 ate organ i c 
carbon (~ 0.45J.1) which, in any case, would not be expected to be a 
significant component of these waters (THURMAN, 1985). The 
components of DOC can be classified into six major groups (THURMAN 
1985): - humic substances, hydrophilic acids, carbohydrates, 
carboxylic acids, amino acids and hydrocarbons. As far as 
rad i onuc 1 ide geochemi stry is concerned, the humi c and hydroph i 1 i c 
ac i ds can be cons i dered together as macromo 1 ecu 1 ar, potent i a 1 
chelating agents while the other four groups of simple compounds 
are smaller, potential complexing agents. The normal range of humic 
concentrations in aquifers is reported to be 0.05 - 0.1 mg/l 
(THURMAN, 1985) and, although hydrophilic acids have been poorly 
studied, their concentrations probably lie in a similar range. The 
sum of the macromolecular components could thus be 0.1 - 0.2 mg/l 
(or 5 - 10 % of the DOC). It shou 1 d be noted, however, that the 
numbers above are very uncerta i nand, indeed, the same 1 i terature 
source a 1 so gi ves a breakdown of an average groundwater DOC as 



NAGRA NTB 89-02 - 30 -

::::20 % fulvic acids, 5 % humic acids, 50 % hydrophilic acids with 
the remaining 25 % being simpler compounds. Analysis of Gorleben 
groundwaters, however, genera lly shows that > 80 % of the DOC is 
comprised of humic substances (BUCKAU et al., 1986). 

The organic geochemistry of groundwaters may be quite dynamic. 
Humics may be removed by sorption onto clay surfaces or released by 
leaching from the rock (e.g. CARLSEN, 1987, YARIV and CROSS, 1979). 
Simpler organics may also be sorbed or incorporated by 
hererotrophic microorganisms while biodegradation of macromolecules 
may be a significant source of such components in deep groundwater 
(THURMAN, 1985). 

The consequences of the presence of organic compounds in the solid 
phase tend to be favourable with regard to repository performance. 
Many radionuclides are known to be extensively "sorbed" (by 
chelation, complexation, ion-exchange or other mechanisms) by the 
organic component of sediments (e.g. SHEPPARD et al., 1984; HENRION 
et a 1 ., 1985). Such sorpt i on cou 1 d be part i cu 1 ar ly important for 
elements such as I or Se which would, otherwise, not be expected to 
be extensively retarded (e.g. see ANDERSSON, 1987; BEHRENS, 1982). 
Very extensive sorption of redox sensitive species (e.g. U, Tc) has 
a 1 so been reported on organ i cs, but here an add i tiona 1 redox 
buffering role (possibly associated with precipitation) may be 
important (THURMAN, 1985). Humic acids are similar to ferrous iron 
in their reducing properties, while fulvic acids may be a couple of 
hundred millivolts more reducing. 

The rol e of dis so 1 ved (or aqueous phase) organ i c components is, 
however, likely to be detrimental to repository performance. These 
species can complex radionuclides, thus increasing their solubility 
and decreasing their retardation. The former process is only 
indirectly important as, in general, solubility constraints are set 
in the near-field and the extent to which such organic complexants 
will penetrate the engineered barriers must first be assessed (cf 
McKINLEY, 1989). The complexation of a radionucl ide by an organic 
1 i gand can decrease retardat i on both by decreas i ng the extent of 
sorption onto surfaces and, in the case of fissure flow, sterically 
block i ng access to the rock matr i x. These processes are most 
significant for chelation by macromolecules although it should be 
noted that, if transport occurs only by diffusion in a microporous 
clay, steric hindrance can prove to be a very efficient retardation 
mechanism (as assumed for the Boom Clay, HENRION et al., 1985). 

More quantitative treatment of organics is very difficult due to 
the lack of their characterization in either the OPA or USM and the 
limited availability of appropriate experimental or thermodynamic 
data. In order to evaluate the significance of the organics on the 
speciation or solubility of a radionuclide, complexation constants 
for that nuclide with organic ligands can be compared to those for 
other ligands which will be present at higher concentration (e.g. 
C03 2-, OH-). A critical parameter in such evaluation, however, is 
the availability of the organic ligand for the radionuclide which 
will be limited by competition with cations (e.g. Ca2+, Mg2+) which 
have many orders of magnitude higher concentrations than the radio
nuclide itself. 
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Some examples of such calculations can be taken from the 
1 iterature. EWART and WIllIAMS (1986) showed that a humic acid 
concentration corresponding to 0.5 ppm DOC could increase the Am 
solubility by more than an order of magnitude, although the 
solubility increase is inversely proportional to Ca 2

.f- concen
trat i on. Simi 1 ar effects have been shown for the Pu/EDTA system 
(READ et al., 1986). The extent of competition of other ligands 
with the organics tends to be pH dependant, thus the complexation 
of act in i des by humi c ac i d concentrat ions as low as 0.1 ppm is 
significant at pH 6 and below (MEANS and HASTINGS, 1979, McCARTHY 
and WOBBER, 1986). 

The complexation of actinides by organics is also very strongly 
dependant on oxidation state, which is well illustrated in Figure 3 
from KIM (1986). This Figure shows clearly that the strength of 
humic complexes relative to those of OH- or C03 2- is greatest for 
the III oxidation state (nb log scale) and would be expected to be 
more important for the V rather than the IV or VI states. Th i s 
approach is rather simplistic as, for example, Th (IV) is observed 
to complex more strongly to humics than U (IV), but detailed inter
pretation is complicated by the difficulties involved in measuring 
these parameters (KIM, 1986). Nevertheless, experimental studies 
support these general trends. Am (III), for example, is strongly 
complexed by EDTA (KIM and ROMMEL, 1986) or humic acids (BUCKAU et 
al., 1986) in natural groundwaters. U (VI), by comparision, shows 
little association with organics in alkaline waters, despite 
relatively high total organic content (MEANS and HASTINGS, 1979). 

Even if extensive complexation occurs, the main concern in safety 
analysis is how this will effect transport. For example, if 
complexation is reversible, the competition between sorbing 
surf aces or so 1 i d phase organ i c comp 1 exants cou 1 d resu 1 tin 
significant retardation or, indeed, the metal/ligand complex might 
itself be sorbed. 

On a 1 aboratory sca le, there is cons i derab le ev i dence that the 
extent of sorption is inversely proportional to the DOC 
concentration (e.g. Eu, Np, Pu: HENRION et al., 1985; Co, Sr: 
CARLSON, 1987; Th: MIEKElEY and KOCHlER, 1987; Am, Cm: BUCKAU et 
al., 1986; cf also reviews by MEANS and HUBBARD, 1985 and EWART and 
WILLIAMS, 1986). These observations would appear compatible with 
the field observations of increased radionucl ide mobil ity in the 
presence of organic complexants (e.g. trench leachates - MEANS et 
al., 1978; OlS~N et al., 1986 or natural systems (Morro do Ferro) -
MIEKElEY and KUCHLER, 1987). 
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Fig. 3: Comparison of complexation properties of different actinide 
oxidation states for various ligands (from KIM, 1986). 
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On the other hand, there is some ev i dence that the k i net i cs of 
reversibility of the complexation reaction can play an important 
role in determining whether a complexed species will be retarded by 
a strong sorbant (SWANSON, 1986). For the particular case of humic 
substances, more realistic consideration of complexation onto a 
continuum of sites with different binding strengths (e.g. GIESY et 
al., 1986), would indicate that some retardation occurs on a strong 
sorbant even in the presence of high humic concentrations. In 
addition, the sorption of organics, particularly onto clay 
surfaces, is well known (e.g. YARIV and CROSS, 1979; THURMAN, 1985) 
although little quantitative data are available. The low 
distribution ratio of 0.001 m3 /kg for DOC referred to by EWART and 
WILLIAMS (1986) would, however, seem compatible with the general 
observation that organic sorption decreases with solubility and is 
expected to be very low for natural DOC (THURMAN, 1985). 

5.2 Colloids 

The formal definition of a colloidal system is simple - e.g. (from 
YARIV and CROSS, 1979): "Colloid systems may be defined as systems 
containing at least two component,s: 1) a continuous dispersing 
medium and 2) a disperse phase. For many years the science of 
colloids was concerned mainly with the description of the behaviour 
of very small particles. The classical definition of a colloid 
system described the disperse phase as being comprised of particles 
or macromolecules smaller than 1 J.Lm in diameter, but larger than 
1nm. Particles smaller than 1nm do not exist as a discrete phase, 
and any system containing them cannot be considered as 
heterogeneous. II 

The colloids of interest in nuclear waste applications are solids 
dispersed in groundwater for which the classical definition is 
somewhat ambiguous - the upper limit of 1nm relates to spherical 
particles and is not easily related to the irregular shapes of 
groundwater colloids. Given that the key features of colloids are 
their surface area/volume ratio and their settling rate, the upper 
1 imi t of size can be taken to be a hydrodynami c diameter of 1 J..Lm 
(RAMSAY, 1985) which, in soil science can be taken to give an upper 
limit of particle size of approx. 2 J..Lm (YARIV and CROSS, 1979). 

Such an apparently clear definition is, however, commonly ignored 
by geochemists, with operational cut-offs of colloid/suspended 
particles usually defined by filter sizes of 0.45 or 0.1 J.Lm (c.f. 
Table 12 and Figure 2). It is immediately apparent, therefore, that 
concentrations of colloidal particles reported in the literature 
must be treated with great caution and can be very dependent on the 
particular definition of colloid used. 

As yet no data are available on the concentration of natural 
colloids in the reference sediment groundwaters. Data from Mol 
(HENRION et al., 1985) suggest that most of the colloidal size 
material in the Boom Clay is organic in nature, but is noted here 
that above an operational cuf-off of 0.2 J.L (not settled by 3 hours 
at 2. 3x10 3 G centr ifugat ion) there seemed to be predomi nant ly 
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alumino silicates. KLENZE and KIM (1986) measured colloid 
concentrations from 109 - 1012 particles per litre in a range of 
groundwaters, but the samples were pre-filtered to < 0.45~ and the 
technique used does not distinguish between organic and inorganic 
species. DEGUELDRE et ale (1987) measured approx. 1010 particles in 
the size range of 0.1 - 1~ in Grimsel groundwater which had a 
significant silica content (associated with organic carbon). 
Although in a granitic rock environment, the water conducting zones 
at the Grimsel rock laboratory are infilled with argillaceous 
material and, hence, may not be completely irrelevant. For spheres 
of a diameter of O. 5~ , such a concentrat i on wou 1 d correspond to 
approx. 1.7 mg/l which, if it was predominantly silica, would 
correspond to approx. 10 % of the concentration of dissolved silica 
(in either Grimsel or sediment water). This is compatible with 
colloid contents in granitic groundwaters of :::: 0.5 - 1.0 mg/l 
referenced by SNELLMAN (1986). 

Organic components of the colloid size fraction have been 
considered in the previous section. 

Important inorganic colloids include Fe (and other metal) 
oxyhydrox ides, s i 1 i ca and fine clay mi nera 1 s. These i norgan i c 
phases are rare ly pure, but are usua lly stabi 1 i sed by assoc i ated 
organic material (e.g. YARIV and CROSS, 1979; MILL, 1980). 

From the safety assessment viewpoint, the most important influence 
of such colloids is their effect on radionuclide transport. The key 
parameters of interest, apart from absolute colloid concentration, 
are thus: 

a) The extent of radionuclide uptake by the colloids present 
b) The extent of reversibility of such uptake 
c) Colloid stability or half-life with respect to dissolution or 

coagulation processes 
d) Transport properties: Sorption onto surfaces or ultra

filtration 

The sorption of radionuclides onto inorganic colloids has been 
relatively little studied but, on the basis of available data, 
would be expected to be quite extensive. For example: 

- colloidal precipitations of iron oxyhydroxides are commonly used 
as scavengers to ensure almost quantitative removal of trace 
elements from solution 

- finely divided Mn oxides are used in filter cartridges which can 
se 1 ect i ve ly remove natura 1 rad ionuc 1 i des at trace 1 eve 1 s from 
very large volumes of sea water 
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- sorption on clay particles is, as considered in chapter 4, 
genera 11 y exten s i ve. As such sorpt i on is often part i cu 1 ar 1 y 
assoc i ated wi th edges and defects in the crysta 1 structure, it 
is likely to be even more important (on a weight basis) for the 
finer colloidal clay fraction. 

Experimental measurements of the sorption of Am on colloidal quartz 
and montmorillonite gave values of 0.2 - 0.4 m3 /kg and 6-16 m3 /kg, 
respectively (OLOFSSON et al., 1985), which is fairly similar to 
that expected on 1 arger part i c 1 es of these mi nera 1 s. Other 
experiments have, however, indicated that Am sorption on colloidal 
silica is very pH dependant and, at pH ~9 is > 5 m3 /kg (BLEIDISSEL 
et al., 1987). Values of a similar order of magnitude were measured 
for Pu and Cs on colloidal kaolin (EICHHOLZ et al., 1982). Despite 
the very limited data available it seems reasonable to assume that 
the selected realistic Kd values for sediment (cf. Table 11) would 
probably also be realistic for the colloids. To be conservative for 
transport calculations, values an order of magnitude higher could 
be used. 

Even if a sign if i cant amount of rad i onuc 1 ide is taken up onto 
colloids in the repository environment, the net consequences with 
respect to transport would be minimised if either the sorption was 
reversible or colloid dissolution occurred - which would allow 
competition with solid phase sorption sites in both cases. The 
re 1 ease of rad i onuc 1 i des bound on co 11 0 i da 1 surf aces has been 
observed, but the mechan i sm by wh i ch th is re 1 ease and subsequent 
immobil isation on sorbing surfaces occurs is currently unclear 
(EICHHOLZ et al., 1982; BIDOGLIO et al., 1985, OLOFSSON et al., 
1985). 

The coagu 1 at i on of co 11 0 i ds, together wi th sorpt i on or u 1 tra
filtration processes, will retard or immobilise the colloidally 
bound radionucl~des. Many colloidal species are readily immobilized 
on surf aces (KEPAK, 1971) a 1 though whether th i s occurs by 
adsorption or by enhanced coagulation is not clear. In column 
studies, rather high retardation of colloidal material can be 
observed (e.g. SALTELLI et al., 1984; OLOFSSON et al., 1985). Field 
studies also indicate that relatively rapid colloid transport can 
occur in the near-surface environment (e.g. CHAMP and MERITT, 1981; 
TRAVIS and NUTTAL, 1985) while the Menzenschwand natural analogue 
study has shown some evidence of colloid transport over several 
kilometers in granitic/metasedimentary rocks (HOFMANN, 1989). 

Severa 1 attempts have been made to incorporate some of the 
processes involved above into transport models (e.g. AVOGADO and DE 
MARSILY, 1984; SALTELLI et al., 1984; BONANO and BEYELER, 1985; 
TRAVIS and NUTTALL, 1985). In all cases, however, it must be noted 
that matching such models to experimental data involves fitting of 
severa 1 free parameters and hence they must be used wi th great 
caution. 
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5.3 Microbes 

The dissolved gas signatures in water samples from the USM have 
been interpreted in terms of microbial activity (cf. chapter 2) 
while a similar explanation has been advanced for the depletion of 
1 ighter hydrocarbons in upper layers of the OPA (SCHAEFER and 
LEYTHAEUSER, 1984). Such findings are not unexpected as microbial 
activity has been observed in many deep sediments - in particular 
in the Oxford Clay at Harwell (CHRISTOFI et al., 1983), the 800m 
Clay at Mol (CHRISTOFI et al., 1985) and the Plio-Pleistocene clays 
at Orte ( I ZZO, 1986). A 1 though some of the observed mi crob i a 1 
populations could be contaminants introduced during sampling, there 
is ev i dence that others have been present since the sed iments 
formed - in agreement with information from other regions (cf. 
SAVAGE et al., 1989). 

No character i sat; on or enumerat i on of the popu 1 at ions present in 
the reference formations has yet been attempted. In general, the 
key organ isms will be anaerob i c chemo 1 i thotrophs wh i ch der i ve 
energy from inorganic redox reactions - e.g. sulphur oxidising 
bacteria, iron oxidising bacteria. Such organisms may, in turn, 
support further heterotrophic species. All microbes would be 
adapted to growth in a nutrient poor (oligotrophic) environment and 
hence may be character i sed by very low metabo 1 i c rates or long 
periods of dormancy. Such organisms usually show considerable 
tolerance to environmental stresses, such as high temperatures and 
pressures (e.g. WEST et al., 1989), and these factors should not 
significantly constrain microbial activity for the current design 
depth. The extent of microbial activity is, in fact, more likely to 
be limited by the rate of supply of nutrients, the availability of 
usab 1 e free energy or the rate of loss of metabo 1 i c by-products 
(GROGAN and McKINLEY, 1990). A simple modelling approach for the 
quantification of microbial activity has been developed and applied 
to the crystalline host rock base case (cf. McKINLEY et al., 1985) 
but would be difficult to adapt for the sediment due to the greater 
importance of the rock matr i x of the 1 atter as a source of 
nutrients and free energy - probably 1 imited by diffusion rates. 
From a safety assessment viewpoint, the possibly significant 
microbial processes include perturbation of geochemistry, direct 
uptake of radionuclides and release of metabolic byproducts. As far 
as perturb a t i on of bu 1 k geochem is try is concerned, desp i te the 
growing awareness that microbes playa key catalytic role in many 
geochemical processes (e.g. EHRLICH, 1981; KRUMBEIN, 1983), they 
operate within the thermodynamic constraints evaluated by 
convent i ona 1 mode 1 s (cf. chapter 2) and hence do not need to be 
explicitly taken into account. One possible exception to this 
generalisation is the case of multiple electron transfer redox 
reactions. Such reactions are known to proceed at negligibly low 
rates at low temperatures « 100°C, say) in the absence of 
microbial catalysis. Disequilibrium between the sulphate/sulphide 
system and other major redox couples (e.g. Fell/FellI) indicates 
that microbial activity is limited by factors other than available 
energy and may imply that similar systems (;n particular 
selenide/selenate) may also be out of redox equilibrium. 



NAGRA NTB 89-02 - 37 -

Microbial uptake and concentration of trace elements from solution 
is well documented (e.g. EHRLICH, 1971) and may occur by a number 
of mechanisms - eg sorption onto external membranes, direct uptake 
and concentration in internal organelles or membranes, 
incorporation into mineral precipitates formed either internally or 
externally, etc. (cf. WEST et al., 1987, COWAN and SILVER, 1984, 
FERRIS et al., 1987). As for the previously considered organics and 
co 11 0 i ds, the consequences of such uptake depend not on lyon its 
extent but a 1 so on its revers i b i 1 i ty and the mobil ity of the 
microbe. Radionuclide uptake studies generally indicate that 
"sorption" is extensive for many relevant elements (particularly 
the actinides) but that observed uptake is only partially 
reversible and is poorly described by a simple Kd model (e.g. 
KEPKAY, 1986, WEST et al., 1987). On the other hand, microorganisms 
often sorb extensively onto solid surfaces (e.g. DANIELS, 1972) 
and, in fact, microbes attached to surfaces are more active than in 
free solution (STOTZKY, 1966). 

In principle, microorganisms are subject to the same constraints on 
mobility as other inorganic colloids, except that microbes can move 
aga i nst hydrau 1 i c grad i ents and force penetrat i on into porous 
structures (e.g. SAVAGE et al., 1989). Such microbial taxis would, 
however, on 1 y occur along sign if i cant chemi ca 1 grad i ents wh i ch 
would only be likely over relatively small scales. 

Mi crob i a 1 by-products of importance inc 1 ude a range of i norgan i c 
species in addition to the organics considered in chapter 5.1. To a 
large extent, products such as mineral acids and metal oxyhydroxide 
crystallites could be considered within the section on geochemical 
alterations above, but an important additional case is when the by
products are concentrated in a small area - possibly within a 
biofilm. Such localised microenvironments often result from 
microbial growth and may differ considerably in geochemistry from 
the surrounding medium in a way which could not be predicted from 
chern i ca 1 thermodynami c mode 1 s (a 1 though, of course, the overa 11 
thermodynamics balance on a macro scale). As with microbial taxis, 
however, these effects probably occur over too small a scale to be 
significant from a safety analysis viewpoint. 

5.4 Discussion 

Within this chapter the characteristics of organics, colloids and 
microbes have been briefly considered along with their possible 
significance for safety analysis. On the whole, it is quite likely 
that the net effect of all these processes will not be detrimental 
to overall repository performance, but it will be extremely 
difficult to demonstrate conclusively that this will be the case. 
In particular, the horror scenario of a portion of the radionuclide 
inventory being transported without any retardation (as an anionic 
chelate, colloid or within a microorganism) cannot yet be precluded 
and simple calculations show that this could give rise to doses 
orders of magnitude above the base case values. The concentrations 
of each of these perturbing agents wi 11 be high in a sediment 
relative to a crystalline host rock. If sediments were to be 
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considered further, a much more intensive programme to study such 
factors would be required. Although much useful information could 
be gained in the laboratory, a key factor would be determination of 
their in-situ transport properties. The biggest potential problem 
area would be ensuring that no pathways of continuous high porosity 
(and pore size) exist between the repository and the nearest 
aqu i fer. The greatest concern wou 1 d thus be the sand channe 1 sin 
the USM which, from this point of view, present great problems of 
flow path validation which must be considered a very detrimental 
feature. 

6. ACKNOWLEDGEMENTS 

Th is report is an ed i ted comp i 1 at i on of work performed by many 
individuals. The key contributers to each chapter are given but, in 
particular, general contributions from Drs. F.J. Pearson, 
P. L i chtner, A. Gautsch i, S. Aksoyog 1 u and R. Alexander are 
gratefully acknowledged. The database in chapter 4 was reviewed by 
Drs. K. Andersson, F.J. Pearson and F. Ewart. Many of their useful 
comments are incorporated into the text. 

The ed i tors accept respon sib i 1 i ty for the f i na 1 format and any 
errors which may have been introduced during transcription. The 
assistance of Dr. Helen Grogan in the final stages of completion of 
this report is also gratefully acknowledged. 



NAGRA NTB 89-02 - 39 -

7. REFERENCES 

ALLARD, B., TORSTENFEL T, B., ANDERSSON, K. ( 1980) : Sorpt i on Stud i es of 
H14C03 - on some Geologic Materials and Concrete. Scientific Basis 
for Nuclear Waste Management, III, 465-472. 

ANDERSSON, K. (1987): Water Compositions in the Lake Sibbofjarden - Lake 
Trobofjarden Area. SKB Technical Report 87-30, Stockholm, Sweden. 

AVOGADRO, A., DE MARSILY, G. (1984): The role of colloids in nuclear waste 
disposal. Scientific Basis for Nuclear Waste Management, VII, 495-
505. 

BAETSLE, L.H., HENRION, P., PUT, M., CREMERS, A. (1986): Study of the Boom 
clay layer as a geochemical barrier for long-lived radionuclides. 
In: High-level Nuclear Waste Disposal. H.C Burkholder (ed), 
Battelle press, Richland, Washington, USA, 313-323. 

BAEYENS, B. (1982): Strontium, cesium and europium retention in Boom Clay. 
Doctoral Thesis, Katholicke Universiteit, Leuven, Belgium. 

BAEYENS, B., MAES, A., CREMERS, A. (1985): In situ physico-chemical 
characterization of Boom Clay. Rad. Waste Manag. Nucl. Fuel Cycle, 
§ (3-4), 391-408. 

BAEYENS, B., McKI NLEY, I. G. (1989): A PHREEQE database for N i, Pd and Se. 
Nagra Technical Report NTB 88-28, Baden, Switzerland. 

BALISTRIERI, L.S., MURRAY, J.W. (1986): The influence of the major ions of 
seawater on the adsorption of simple organic acids by goethite. 
Geochim. Cosmochim. Acta., 51, 1151-1160. 

BATH, A.H., CHRISTOFI, N., NEAL, C., PHILP, J.C., CAVE, M.R., McKINLEY, 
I.G., BERNER, U. (1987): Trace elements and microbiological studies 
of alkaline groundwaters in Oman, Arabian Gulf: A natural analogue 
for cement pore-waters. Nagra Technical Report NTB 87-16, Baden, 
Switzerland. 

BAYLISS, S., EWART, F.T., HOWSE, R.M., SMITH-BRIGGS, J.L., THOMASON, H.P. 
AND WILLMOTT, H.A. (1987): The solubility and sorption of lead-210 
and carbon-14 in a near-field environment. Scientific Basis for 
Nuclear Waste Management, XI, 33-42. 

BEHRENS, H. (1982): New insights into the chemical behaviour of radioiodine 
in aquatic environment. In: Environmental migration of long-l ived 
radionuclides, IAEA Vienna, 27-40. 

BENES, P., STREJC P., LUKAVEC Z. (1984) : Interact i on of rad i urn wi th 
freshwater sediments and their mineral components I (ferric 
hydroxide and quartz). J. Radional. Nucl. Chern., 82, 275-285. 



NAGRA NTB 89-02 - 40 -

BERRY, J.A., HOBLEY, J., LANG, S.A., LITTLEBOY, A.K., NASH, A.J., OLIVER, 
P., SMITH-BRIGGS, J.L., WILLIAMS, S.J. (1988): The solubility and 
sorption of protactinium in the near-field and far-field 
environments of a radioactive waste repository. Nirex report. 
NSS/R122, Harwell, UK. 

BIDOGLIO, G., AVOGADRO, A., DE PLANO, A. (1985): Influence of redox 
environments on the geochemical behaviour of radionuclides. 
Scientific Basis for Nuclear Waste Management, IX, 709-716. 

BLEIDISSEL, K., DEGUELDRE, C., WERNLI, B. (1987): 241 Am-Sorptionsversuche 
an kilnstlichen und naturlichen Kolloiden. TM-42-87-12, Paul 
Scherrer Institut PSI, 5232 Villigen, Switzerland. 

BONANO, E.J., BEYELER, W.E. (1985): Transport and capture of colloidal 
particles in single fractures. Scientific Basis for Nuclear Waste 
Management, VIII, 385-392. 

BUCKAU, G., ZHUANG, W., KIM, J.I. (1986): Analyse und Charakterisierung der 
Huminstoffe in Gorlebengrundwasser und ihr Einfluss auf das 
Sorptionsverhalten der Aktinoide. PTB-SE-14, 53-63. 

CARLSEN, L. (1987): The role of organics in the migration of radionuclides 
in the geosphere. Ris~ progress report 2 on contract FIIW/0066, 
Ris~, Denmark. 

CHAMP, D.R., MERRIT, W.F. (1981): Particulate transport of caesium in 
groundwater. Proc. 2nd. Annual Conf. Canad. Nucl. Soc., 66-69. 

CHRISTOFI, N., WEST, J.M., PHILP, J.C. (1985): The geomicrobiology of 
european mines relevant to nuclear waste disposal. Rep. Brit. Geol. 
Survey, FLPU 85-1. 

CHRISTOFI, N., WEST, J.M., ROBBINS, J.E., McKINLEY, I.G. (1983): The geo
microbiology of the Harwell and Altnabreac boreholes. Rep. Inst. 
Geol. Sci., FLPU 83-4. 

COWAN, J.P., SILVER, M.W. (1984): The association of iron and manganese with 
bacteria on marine microparticulate material. Science, 224, 
1340-1342. 

CROSS, J.E., EWART, F.T, TWEED, C.J. (1987): Thermochemical modelling with 
application to the nuclear waste processing and disposal. Harwell 
Technical Report AERE R-12324, Harwell, UK. 

DANIELS, S.L. (1972): The adsorption of microorganisms onto solid surfaces: 
a review. Dev. Ind. Microbiol., 13, 211-253. 

DEGUELDRE, C.A., BAEYENS, B., GORLICH, W., GRIMMER, H., MOHOS, M., PORTMANN, 
A., RIGA, J., VERBIST, J. (1987): In-laboratory, on site, in-situ 
sampling and characterization of Grimsel colloids, Phase I. TM-42-
87-20, Paul Scherrer Institut PSI, 5232 Villigen, Switzerland. 



NAGRA NTB 89-02 - 41 -

DUURSMA, E.K., EISMA, D. (1973): Theoretical, experimental and field studies 
concerning reactions of radioisotopes with sediments and suspended 
particles of the sea. Part C: Applications to field studies. Neth. 
J. Sea Res., ~, 265-324. 

EHRLICH, H.L. (1971): Biogeochemistry of the minor elements in soil. Soil 
Biochemistry, Vol.2, (A.D. McLaren & J. Skujins, eds), 361-384. 

EHRLICH, H.L. (1981): Geomicrobiology. Marcel Dekker, New York, USA. 

EICHHOLZ, G.G., WAHLIG, B.G., POWELL, G.F., CRAFT, T.F. (1982): Subsurface 
migration of radioactive waste materials by particulate transport. 
Nuclear Technol., 58, 511-520. 

ERIKSEN, T.A. (1985): A laboratory study on radionuclide migration in single 
natural granitic fissures. Nuclear Technol., 70, 261-267. 

EWART, F.T., TASKER, P.W. (1987): Chemical effects in the near field. Waste 
management 187, (R. G. Post, ed.), Vol. 3, 71-78. 

EWART, F.T., WILLIAMS, S.J. (1986): A literature survey of the possible 
effects of humic and fulvic acids on the disposal of LLW and ILW. 
Harwell Technical Report AERE R-12023, Harwell, UK. 

FERRIS, F .G., FYFE, W.S., BEVERIDGE, T .J. (1987): Bacteria as nucleation 
sites for authigenic minerals in a metal contaminated lake 
sediment. Chern. Geol., 63, 225-232. 

GIESY, J.P., GEIGER, R.A., KEVERN, N.R. (1986): U022+-humate interactions in 
soft, acid, humate-rich waters. J.Environ.Radioactivity, i, 39-64. 

GROGAN, H.A. AND McKINLEY, I.G. (1990): An Approach to Microbiological 
Modelling: Application to the Near Field of a Swiss Low/Inter
mediate Level Waste Repository. Nagra Technical Report NTB 89-06, 
Baden, Switzerland. 

HAINES, R.I., OWER, D.G., VANDERGRAAF, T.T. (1987): Technetium/iron oxide 
reactions under anaerobic conditions: A fourier transform infrared 
FTIR study. Nuc. J. Canada, !, 32-37. 

HENRION, P.N., MONSECOUR, M., FONTEYNE, A., PUT, M., DE REGGE, P. (1985): 
Migration of radionuclides in Boom Clay. Rad. Waste Manag. Nucl. 
Fuel Cycle., ~, 313-360. 

HOFMANN, B. (1989): Gneisse, Alteration und rezente Fliessysteme der 
Uranlagerstatte Krungelbach (Menzenschwand Sildschwarzwald), Nagra 
Technical Report, NTB 88-30, Baden, Switzerland. 

IZZO, G. (1986): Bacteria in ancient sediments. CEC Rep. EUR 10671. 

KEPAK, F. (1971): Adsorption and colloidal properties of radioactive 
elements in trace cpncentrations. Chern. Revs., Z!, 357-369. 



NAGRA NTB 89-02 - 42 -

KEPKAY, P.E. (1986): Microbial binding of trace metals and radionuclides in 
sediments. Results of an in-situ dialysis technique. J. Environ. 
Radioactivity, ~, 85-102. 

KIM, J.I. (1986): Chemical behaviour of transuranic elements in natural 
aquat i c systems. Handbook on the Phys i cs and Chemi stry of the 
Actinides (A.J. Freeman, C. Keller, eds), 413-455. 

KIM, J.I., ROMMEL, H. (1986): Colloid generation and solid-liquid 
distribution of transuranic elements in natural aquifer systems. 
PTB Report PTB-SE-14, Braunschweig, FRG, 293-307. 

KIM, Y.S., ZEITLIN, H. (1969): The role of iron (III) hydroxide as a 
collector of molybdenum from sea water. Anal. Chim. Acta, 46, 1-8. 

KIM, Y.S., ZEITLIN, H. (1970): Thorium hydroxide as a collector of 
molybdenum from sea water. Anal. Chim. Acta, 51, 516-519. 

KLENZE, R., KIM, J.I. (1986): Characterization of groundwater colloids by 
1 aser- induced photoacoust i c spectroscopy. Techn i sche Uni vers itat 
Milnchen, TUM report RCM03286, Munich, FRG. 

KLOTZ, D., LANG, H., MOSER, H. (1985): Experimentelle Untersuchungen zur 
Migration von Radionukliden der Elemente I, Sr, Cs, Co und Pd im 
Deckgebirge des Endlagerortes Gorleben. GSF-Bericht 25/85, 
Neuherberg, FRG. 

KRUMBEIN, W.E.(ed) (1983): Microbial Geochemistry. Blackwell, Oxford, 
England. 

LASKE, D. (1979): Bestimmung von Verteilungskoeffizienten (Kd-Werten) bei 
der Adsorption von Cs und Sr an moglichen Zusatzen zu mineralischen 
Verfestigungen. Nagra Technical Report NTB 28, Baden, Switzerland. 

LIU, Y., VON GUNTEN, H.R. (1988): Migration chemistry and behaviour of 
iodine relevant to geological disposal of radioactive wastes - A 
literature review with a compilation of sorption data. Nagra 
Technical Report NTB 88-29, Baden, Switzerland. 

McCARTHY, J.F., WOBBER, F.J. (eds) (1986): Transport of contaminants in the 
subsurface: the role of organic and inorganic colloidal paricles. 
US Dept. of Energy report DOE/ER-0331. Washington DC, USA. 

McKINLEY, I.G. (1989): The near-field geochemistry of HLW disposal in an 
arg ill aceous rock. Nagra Techn i ca 1 Report NTB 88-26, Baden, 
Switzerland. 

McKINLEY, I .G., HADERMANN, J. (1984): Radionucl ide sorption database for 
Swiss safety assessment. Nagra Technical Report NTB 84-40, Baden, 
Switzerland. 



NAGRA NTB 89-02 - 43 -

McKINLEY, I.G., WEST, J.M. (1984): Radionuclide sorption on argillaceous 
rock s from Harwe 11, Oxfordsh i re. Rad. Waste Manag. Nuc 1. Fue 1 
Cycle, 40, 379-399. 

McKINLEY, I.G., WEST, J.M., GROGAN, H.A. (1985): An analytical overview of 
the consequences of microbial activity in a Swiss HLW repository. 
Nagra Technical Report NTB 85-43, Nagra, Baden, Switzerland. 

MEANS, J.L., CRERAR, D.A., DUGUID, J.~. (1978): Migration of radioactive 
wastes: radionuclide mobilization by complexing agents. Science, 
200, 1477-1481. 

MEANS, J.L., HASTINGS, D.W. (1979): Status report on the importance of 
natural organic compounds in groundwater as radionuclide-mobilising 
agents, BMI/ONWI-84, Battelle Memorial Institut, Columbus, USA. 

MEANS, J.L., HUBBARD, N.J. (1985): The organic chemistry of deep ground 
waters from the Palo Duro Basin, Texas: Implications for the 
radionuclide complexation, groundwater origin, and petroleum 
exploration. BMI/ONWI-578, Battelle Memorial Institute, Columbus, 
USA. 

MEIER, H., ZIMMERHACKL, E., ZEITLER, G., MERGE, P., HECKER, W. (1987): 
Influence of liquid/solid ratios in radionuclide migration studies. 
J. Radioanal. Nucl. Chern., 109, 139-151. 

MIEKELEY, N., KOCHLER, I.L. (1987): Interactions between thorium and humic 
compounds in surface waters. Inorg. Chim. Acta, 140, 315-319. 

MILL, A.J.B. (1980): Colloidal and macromolecular forms of iron in natural 
waters - A review. Environ. Tech. Lett., 1, 97-108. 

NAGRA (1987): Sondierbohrung Riniken-Geologie. Nagra Technical Report NTB 
86-02, Baden, Switzerland. 

NAGRA (1988a): Sondierbohrung Weiach-Geologie. Nagra Technical Report NTB 
86-01, Baden, Switzerland. 

NAGRA (1988b): Sondierbohrung Schafisheim-Geologie. Nagra Technical Report 
NTB 86-03, Baden, Switzerland. 

NAGRA (1989): Sed imentstud ie-Zwi schenber i cht 1988: Mog 1 i chkei ten zur End
lagerung 1 ang lebi ger rad ioakt i ver Abfa lle in den Sed imenten der 
Schweiz. Nagra Technical Report NTB 88-25, Baden, Switzerland. 

NORDSTROM I D. K., MUNOZ, J. L. (1986): Geochemi ca 1 thermodynami cs. B 1 ackwe 11 
Scientific Publications, Palo Alto, USA. 

NYFFELER, U. P ., L I U Y. H., SANTSCH I, P • H • (1984): A k i net i c approach to 
describe trace element distribution between particles and solution 
in natural aquatic systems. Geochim. Cosmochim. Acta, 48, 1513-
1522. -



NAGRA NTB 89-02 - 44 -

OLOFSSON, U., BENGTSSON, M., ALLARD, B. (1985): Formation and transport of 
americium pseudocolloids in aqueous systems. Scientific Basis for 
Nuclear Waste Management, IX, 729-736. 

OLSEN, C.R., LOWRY, P.D., LEE, S.Y., LARSEN, I.L., CUTSHALL, N.H. (1986): 
Geochemi ca 1 and env ironmenta 1 processes affect i ng rad i onuc 1 ide 
migration from a formerly used seepage trench. Geochim. Cosmochim. 
Acta, 50, 593-607. 

PARKHURST, D. L., THORSTENSON, D. C., PLUMMER, L. N. (1980): PHREEQE - A 
computer program for geochemical calculations. U.S.G.S., Water 
Resouces Investigations 80-96. 

PEARSON, F.J., LOLCAMA, J.R. and SCHOLTIS, A. (1989): Chemistry of Waters in 
the Bottstein, Weiach, Riniken, Schafisheim, Kaisten and Leuggern 
Boreholes: A hydrochemically consistent data set. Nagra Technical 
Report NTB 86-19, Baden, Switzerland. 

RAMSAY, J.D.F. (1985): The role of colloids in the release of radionuclides 
from nuclear waste. Harwell Technical Report AERE R-11823, Harwell, 
UK. 

READ, D., LEONARD, K.S., WILLIAMS, D.R. (1986): Recent advances in chemical 
modell ing of radioactive waste disposal. In: Proc. 1986 Summer 
computer simulation conference, Reno, Nevada, USA. 

REDDY, M.R., DUNN, S.J. (1986): Distribution coefficients for nickel and 
zinc in soils. Environmental Pollution (Series B), 11, 303-313. 

SALBU, B., BJORNSTAD, H.E., PAPPAS, A.C. (1986): A method for speciation of 
trace elements (stable and radioactive) in natural waters. 
Speciation of fission and activation products in the environment 
(Bulman, R.A., Cooper, J.R., eds), 70-78. 

SALTELLI, A., AVOGADRO, A., BIDOGLIO, G. (1984): Americium filtration in 
glauconitic sand columns. Nuclear Technol., 67, 245-254. 

SAVAGE, D.S., FALCK, W.E., McEWEN, T.J., WEST, J.M. (1989): A review of 
research carried out in Europe and North America relating to the 
disposal of High-level radioactive waste in argillaceous strata. 
Nagra Technical Report NTB 89-05, Baden, Switzerland. 

SCHAEFER, R. G., LEYTHAEUSER, D. (1984): Genese von Koh 1 enwasserstoffen in 
den Lias- und Dogger-Sedimenten. Nagra Technical Report Series, NTB 
84-34, Baden, Switzerland, pp. 65-77. 

SCHWEINGRUBER, M. (1983): Actinide solubility in deep groundwaters -
Estimates for upper limits based on chemical equilibrium 
calculations. Nagra Technical Report NTB 83-24, Baden, Switzerland. 



NAGRA NTB 89-02 - 45 -

SHEPPARD, M.I., BEALS, 0.1., THIBAULT, D.H., O'CONNOR, P. (1984): Soil 
nuclide distribution coefficients and their statistical 
distributions. AECL Technical Report AECL-8364, Whiteshell, Canada. 

SNELLMAN, M. (1986): Factors affecting actinide solubility in a repository 
for spent fuel, I.YJT Technical Report YJT-86-13, Helsinki, 
Finland. 

STALMANS, M., MAES, A., CREMERS, A. (1986): Role of organic matter as a 
geochemical sink for Technetium soils and Sediments. Technetium in 
the Environment (G. Desmet and C. Myttenaere, eds.), Elsevier, pp. 
91-113. 

STOTZKY, G. (1966): Influence of clay minerals on microorganisms III. Can. 
J. Microbiol., 12, 1235-1246. 

STUMM, W., MORGAN, J. J. ( 1981 ): Aquat i c geochemi stry. Wi 1 ey- I ntersc i ence , 
John Wiley and Sons, New-York, USA. 

SWANSON, J.L. (1986): Organic complexant-enhanced mobility of toxic elements 
in low-level wastes. NUREG/CR-4660 and PNL-4965-10, Richard WA, 
USA. 

THORSTENSON, D.C., FISHER, D.W., CROFT, M.G. (1979): The geochemistry of the 
Fox Hills-Basal Hell Creek aquifer in southwestern north Dakota and 
northwestern south Dakota. Water Res. Research, ~, 6, 1479-1498. 

THURMAN, E.M. (1985): Organic geochemistry of natural waters. Nijhoff/Junk, 
Dordrecht, Nederlands. 

TORSTENFELT, B. (1986a): Migration of the fission products Strontium, 
Technetium, Iodine and Cesium in Clay. Radiochim. Acta, 39, 97-104. 

TORSTENFEL T, B. (1986b): Mi grat i on of the act i n i des Thor i urn, Protact i n i urn, 
Uranium, Neptunium, Plutonium and Americium in Clay. Radiochim. 
Acta, 39, 105-112. 

TRAVIS, B.J., NUTALL, H.E. (1985): A transport code for radiocolloid 
migration: with an assessment of an actual low-level waste site. 
Scientific Basis for Nuclear Waste Management, VIII, 969-97. 

VANDERBORGHT, O.L.J. (1986): Radioisotope speciation and biological 
availability in freshwater. Speciation of fission and activation 
products in the environment, (Bulman, R.A., Cooper, J.R., eds.), 
250-257. 

WEST, J.M., HAIGH, D.G., HOOKER, P.J., ROWE, E.J. (1987): 137CS sorption 
onto Fuller's earth (calcium montmrillonite) - The influence of 
sulphate reducing bacteria. Rept. British Geol. Surv. FLPU 87-4, 
BGS, Keyworth, England. 



NAGRA NTB 89-02 - 46 -

WEST, J.M., GROGAN, H.A., McKINLEY, I.G. (1989): The role of microbiology in 
the geological containment of radioactive wastes. Proc. Int. Symp. 
on Environmental Biogeochemistry, in press. 

WESTALL, J.L., ZACHARY, J.L., MOREL, F .M.M. (1976): MINEQL - A computer 
program for the calculation of chemical equilibrium composition of 
aqueous systems. MIT Technical Note 18, Cambrige MA, USA. 

WINKLER, A., BRUHL, H., TRAPP, C. (1986): Durchfuhrung von mehrmonatigen 
Adsorptions- und Desorptionsversuchen im naturlichen Redoxmilieu am 
Beispiel von Technetium.PTB Technical Report PTB-SE-14, Braun
schweig, FRG, 281-292. 

WITTWER, C. (1986): Sondierbohrungen Bottstein, Weiach, Riniken, 
Schafisheim, Kaisten, Leuggern: Probennahmen und chemische Analysen 
von Grundwassern aus den Sondierbohrungen. NAGRA Technical Report 
NTB 85-49, Baden, Switzerland. 

YARIV, S., CROSS, H. (1979): Geochemistry of colloid systems. Springer
Verlag, Berlin, Heidelberg, New York. 



NAGRA NTB 89-02 Appendix 1 

Report on a simple, rock porewater extraction procedure 1arried out 
for the NAGRA sediment study. 

W.R. ALEXANDER and S. AKSOYOGLU 

Introduction 

As part of the investigation of potential sites for a Type C (high
level waste) repository in sedimentary rocks, Nagra was required to 
define certain reference groundwaters for use in safety assessment 
studies. In the case of the Untere SUsswasser Molasse (USM) 
formation the reference water was based primari lyon the known 
mineralogy of the site and reasonable assumptions made on the basis 
of 1 imited data from chemica 1 ana lyses of loca 1 groundwaters. 
Unfortunately, in the case of the Opalinus formation, no 
groundwater data exi st so, at Nagra I s request we carried out a 
short, simple experiment with the intention of providing some 
i nformat i on on the trapped groundwater (or porewater) in the 
Opalinus material. 

Methods 

For those rocks in which there is no appreciable groundwater flow, 
it is necessary to examine the trapped, or pore, fluids within the 
strata. To date the most appropri ate method to estab 1 ish the 
compos i t i on of these porewaters is to squeeze rock samp 1 es under 
very high pressures so forcing out the intersitial fluids (e.g. 
MANHEIM, 1966; BRIGHTMAN et al., 1985). Unfortunately, we have no 
access to such equipmnt at PSI and therefore utilised an 
alternative, well documented method (BAEYENS, 1982; BAEYENS et al., 
1985) where the rocks are crushed prior to the addition of varying 
volumes of water. From the elemental concentrations so established 
in the slurry, it is possible to back-calculate to the original 
porewater concentrat ions (BAEYENS, 1982) • Of course, due to the 
grinding of the rock, any more surfaces are made available for 
reaction with the added water than would be expected under in-situ 
conditions. This clearly accelerates dissolution of, for example, 
calcite, probably oxidises pyrite and induces ion exchange between 
clays and the added water as well as releasing the original rock 
porewaters. 

In this particular experiment, 20 g aliquots of crushed rock were 
placed in bottles with 20 ml, 100 ml and 200 ml of milli-Q water. 
The bottles were shaken vigorously for 30 seconds in every 10 
minutes. After centrifugation at 4000 r.p.m. for 15 minutes the 
supernatent water was removed and passed through 0.45 11m pore 
diameter filters. Unfortunately, because of severe restrictions on 
the time available for this experiment, we were unable to analyse 
either blanks or duplicate samples. 
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The solution pH was mesured (by electrode probe) immediately after 
filtering and Cl-, S042- (HPLC; Z. Kopajtic), Na+, K+, Mg2++, Ca2+ 
(AAS; R. KEIL) and alkalinity (acid titration; S. AKSOYOGLU) were 
analysed within three hours. 

SAMPLE DESCRIPTION 

The samples were obtained from the Nagra core repository at PSI and 
were chosen from two, five year old, cores to investigate potential 
differences in the Opalinus clay formation groundwaters with depth 
and locality. It should be noted that, while the cores were wrapped 
in plastic, no steps had been taken to prevent either oxidation or 
drying out of the material. 

From the Weiach borehole, a sample was obtained from a depth of 
613.10 m to 613.25 m while from the Schafisheim borehole the sample 
is from a depth of 1056.50 m to 1056.85 m. The major mineralogy and 
porosity data for these two samples are displayed in Table 1. 

Although the Schafisheim sample has a lower total calcite content, 
several veins of the material were present in this section. These 
were avoided when sub-sampling the core before crushing since the 
intention was to maximise the quantity of porewater released from 
the bulk rock. 

Results and comments 

A discussion of the results of this work will be included elsewhere 
(BAEYENS and BERNER, 1990) but is worth noting a few, basic points 
about the data displayed in Table 2. Clearly the data indicate 
little difference between the two rock samples. 

One of the dangers in an experiment of the form described here is 
that the water used in the reaction with the' rock is not in 
equilibrium with the solid phases present. Thus for example, one 
might reasonably expect to see the oxidation of pyrite along with 
the dissolution of the carbonate phases (calcite, siderite and 
ankerite) in the sediment. This indicates that both the S042- and 
Ca2+ (and Mg2+) values are upper limits. Similarly with the Na+ and 
K+ values since they are likely to be the product of ion exchange 
between Ca2+ in solution and the Na+ and K+ containing clays. It is 
however, unlikely that Cl- has been affected by any of these 
mechanisms and probably represents true levels in the sediment 
porewaters. 

We strongly advise that, during the next appropriate dri 11 ing of 
the Opalinus clay, samples are cleaned under nitrogen and 
immediately stored in an inert atmosphere until pore waters can be 
extracted by squeezing. Only then will it be possible to attain a 
representat i ve porewater ana lys i s for a su i te of elements of 
interest. 
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TABLE 1 

Weiach* 

(613.10-613.25 m) 

Schafisheim ** 

(1056.50-1056.85 m) 

* NTB 86-01 

** NTB 86-03 

TABLE 2 

pH 

Borehole Weiach 

Rock: Water ratio 

1: 1 8.55 

1:2 

1 :5 8.60 

1: 10 8.99 

Borehole Schafisheim 

Rock: Water ratio 

1: 1 8.52 

1:2 

1:5 8.87 

1: 10 9.04 
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Opalinus-Clay - Major Mineral Content and Porosity 

Calcite Siderite Anke~ite Pyrite Organic Total Open 

wt% wt% wt% wt% Carbon wt % Porosity (%) 

14 2 0.7 8.0 

7 2 2 0.8 4.9 

Results from the Analysis of the Water in Contact with the 
Powdered Sediments 

alkalinity CI- SO .. "- Na- K+ Mg"- Caa- Sample wt 

(meq 1-') (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (g) 

151.4 883.8 560 18.6 5.21 14.7 20.22 

152.2 889.5 

2.44 20.02 

2.04 39.3 200.0 160 6.09 0.782 2.45 20.27 

39.4 199.4 

1.54 19.9 89.4 82.2 3.83 0.493 1.93 20.10 

19.9 88.7 

153.4 917.8 570 19.4 5.32 15.2 19.99 

151.6 905.0 

2.46 20.07 

2.01 34.2 165.1 145 5.51 0.541 2.12 20.30 

34.5 166.7 

1.56 19.4 84.8 82.0 3.67 0.402 1.77 20.00 

19.3 84.7 

Data reproduced here as reported by the analysts 
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Definition of Na-, Mg- and K-concentrations for Reference 
Conditions in the OPA 

B. BAEYENS, U. BERNER 

The relative distribution of Na, Mg and K in the liquid phase have 
been calculated from the physico-chemical characterisation (CEC and 
exchangeable cations) of the OPA. The approach followed here is 
that the composition of the solid phase governs the liquid 
composition (for these cations), in agreement with semi-empirical 
Gapon equations. Such empirical equations, used by the U.S. 
Salinity Laboratory (RICHARD, 1954), relate the surface phase 
composition to the liquid phase composition for multi-ion systems 
in ion exchange media (such as clays). The ion compositions of the 
1 i qu i d and so 1 i d phases are expressed in terms of the sod i urn (or 
potassium) adsorption ratio, SAR or PAR, and the exchangeable 
sodium (or potassium) ratio, ESR or EPR. These quantities are 
expressed as: 

GNa 
SAR=------

( GGa + CMg ) / 2 

PAR=-----
( GGa + GMg ) / 2 

ESR = (GEG - ES ) 

EPR = EP / ( GEG - EP ) 

( 1 ) 

( 2) 

( 3) 

( 4) 

in which ES and EP refer to exchangeable sodium and potassium and C 
relates to the concentration in solution (meq/l). 

SAR and PAR data are not available since, in the procedure followed 
here, only the total concentration is available (i.e. CNa + CK + 
CMg = 226 meq/l, equal to sum of anions (Cl, HC0 3 ) in the system). 
On the other hand, the individual exchange capacities for Na, K and 
the CEC are measured on the OPA and thus ESR and EPR can be cal
culated. From the Schafisheim samples we have CEC = 18.6 meq/100 g, 
E S = 7. 7 me q / 1 00 g ( ex c han g e a b 1 e N a ) and E P = 2. 0 me q / 1 00 g 
(exchangeable K). Using equations (3) and (4) we obtain ESR = 0.71 
and EPR = 0.12. 
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Genera 1 equat ions wh i ch are cons i stent wi th we ll-estab 1 i shed ion 
selectivity behaviour in clay, and based on linear regressions of a 
large number of data, are available (Richard, 1954): 

ESR = - 0.013 + 0.015 SAR (5 ) 

EPR = 0.036 + 0.105 PAR ( 6) 

Application of the above given equations yield SAR = 48.0 and 
PAR = 0.78. Using the definition of SAR and PAR (eg. (1) and (2), 
respectively), we can now calculate the concentration of Na, K and 
Mg in the liquid phase (according to previous assumptions Ca is too 
low to be considered). Then: 

CNa = 48.0 CMg 12 (7) 

C K = 0.78 CMg I 2 ( 8) 

C Na + CK + CMg = 226 meq II ( 9) 

The result of this calculation' is 
CNa = 191 meq/l; CK = 3.1 meq/l; CMQ = 32.0 meq/l. These 
concentration levels have been adopted for OPA Reference 
Conditions. 

(This section is derived from a PSI Internal Report TM-41-89-11). 
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